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ABSTRACT

This document constitutes the final report for NASA Goddard Contract

NAS5-9650. Included is a description of and results from tests conducted for the

research program, "Space Environment Effects on Thermal Control Coatings, "

accomplished during the period 15 September 1965 through 15 July 1968. During

this research program, electron, proton and ultraviolet radiation exposures were

conducted on 21 types of thermal control coatings. Measurements of spectral

reflectance in the wavelength region from 240 to 2500 millimicrons were obtained

in situ on a total of about 200 samples, before exposures began, periodically dur-

ing exposures, and both in vacuum and in air, following exposures. Data obtained

from these measurements were analyzed for spectral reflectance changes, For solar

absorptance changes, for irradiation rate effects, and for synergistic effects.

The program has resulted in many significant results and conclusions. From

the electron exposure tests we conclude that:

(1) The specular surfaces tested and the leafing a luminum--silicone coating

tested are relatively "hard" to reflectance degradation under 50-keV

electron exposure.

(2) Excepting leafing aluminum, the diffuse coatings or paints tested are

subject to severe, in-alr recoverable degradation in the infrared wave-

length region, and to substantial vislble-region reflectance losses which

are less recoverable or "bleachable" upon re-exposure of test samples to

air.

(3) Coatings employing methyl silicone binders sustain the greatest degree

of reflectance degradation in the infrared wavelength region° Coatings

using potassium silicate binders suffer the largest electron-induced

reflectance losses in the visible region.

(4) Over the wide range of fluxes and fluences used (4 x 108 to 1.7 x 1012
2

electrons/cm /sec, and 1013to 8 x 1015electrons/cm 2) no irradiation rate

effects from 50-keV electrons are evident from in situ measurements of

ii
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hemisphericalspectral reflectance obtained with an integrating sphere

reflectometer. Thus, to an acceleration factor of 103or so, laboratory

exposuresof the testedcoatingsto 50-keV electronsat ratesgreater than

thosein spaceare valld.

Fromthe "ultraviolet" exposuretestsweconcludethat:

(5) Thespecularsurfacesand leafingaluminumare resistantto reflectance

change in the infrared wavelengthregion, but undergosubstantial,

permanentreflectance lossesin the visible and ultraviolet wavelength

regions.

(6) Thediffuse coatingstestedare subjectto reflectance degradationover

muchor all of the measured0.24- to 2.5-micron wavelength region.

(7) Damagethresholdsand ratesof damagebuildup vary widely amongthe

classesand typesof coatingstested. Within their class, titanium

dioxide--methyl silicone sampletypesshowthe widest variation in

effects, of all classesof samplestested. One TiO2--methyl silicone
coating type wasthe mostresistantof the diffuse samplesto reflectance

changesfrom ultraviolet radiation.

(8) Uponre-exposureto air following exposureto ultraviolet-rlch electro-

magneticradiation, only a few typesof testedcoatings(B, F3, L, O,

P, and Y) recover fairly close to their respective preirradlation reflec-

tance values. In the majority of coatings exposed to ultraviolet, there

is little evidence of increased reflectance in air when compared to post-

irradiation in situ reflectance values.

(9) Separate tests show that UA-serles long-arc mercury, and Pek long-arc

xenon, ultraviolet sources are about equa I ly effective for inducing reflec-

tance losses in selected thermal control coatings.

From the proton exposure test we conclude that:

iii
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(10) The specular surfaces and leafing aluminum are quite resistant to

reflectance changes across the 0.24- to 2.5-mlcron wavelength region.

(11) S-13G and Pyromark exhibit severe reflectance losses in the visible

wavelength region. Only partial recovery of reflectance occurs in air.

From the combined electron-ultravlolet tests we conclude that:

(12) Reflectance changes resulting from coating exposure to a combined

e lectron-ultravlolet environment are less than additive, whether the

combined irradiation occurs slmu Itaneously or sequentla I ly.

(13) Increasing the ultravlolet-to-electron intensity radio during an expo-

sure, or havlng u Itravlolet exposure follow exposure to electrons

causes partial restorat|on of reflectance in some types of coatings.

Exposure to ultraviolet before electron exposure favorably preconditions

some coatings to resist later changes due to the presence of the electron

flux. This suggests the possibility of pre-exposlng properly configured

thermal control coatings on the ground, in order to obtain reduced

degradation later in space.

From the overall testing program we conclude that:

(14) Optimum formulation of coatings in a given class (e.g., TiO2--methyl

sillcone) must be determined by iteratlve steps, since radiation-

induced degradation is strongly dependent upon seemingly minor varia-

tions in such parameters as coating thickness, ratio of pigment to binder,

and (for samples with mixed constituents) relative amounts of pigment

or binder components.

(15) Wavelength regions in which the largest reflectance changes occur

are substantla I ly different for the three cases of electron, proton, and

ultraviolet radiation. Exposure to 50-keV electrons causes the greatest

reflectance losses in most diffuse coatings to occur in the infrared.

Ultraviolet radiation and proton radiation result in more damage at

iv
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shorter wavelengths, particularly at any exlsting ultraviolet absorption

edge. Degradation from protons is more likely to extend as one band

to longer wavelengths in a given type of coating, while separate bands

of increased absorptance are more likely to result from incident ultra-

violet radiation.

(16) Reflectance recovery phenomena following electron, proton, and ultra-

violet exposure are Iikewlse diverse. This diverslty of both reflectance

loss and reflectance recovery phenomena indicates that more than one

damage mechanism may be operating in the types of coatings tested.

(17) The sequencing of combined environment exposures affects significantly

the degradation that results. Except for simulating mlsslons actua I ly

encountering a sequence of ultraviolet and electrons in space, test

standardization on simultaneous exposure to electrons and ultraviolet

is essentlal to prevent draw|ng false conclusions about performance of

coatings in the existing, multlconstltuent space environment. Future

selection of coatings for space use should be even more strongly mlsslon-

dependent and based upon the anticipated relative intensities of con-

stltuents in the space environment.

(18) The results of these tests on thermal control coatings tie together (a)

the results of early in-air tests in which specimens exposed to high

fluences evidenced lasting effects mainly in the visible region, and

(b) the more recent results of in sltu testing that indicate that

contamlnation-free exposures to electrons show reflectance changes in

the infrared region as well.

The work performed for this program establishes the basis for making the following

recommendations:

(1) A study of the dependence of surface reflectance degradation upon the

incldent energy of protons and electrons between 2 and 80 keV should

be performed as follow-on work to this contract.
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(2) A studyof rate effects fromultraviolet radiation shouldbe madefrom

oneto five or morespaceultraviolet suns, to provide baselinedata

of a scopecomparableto electron data available from this program.

(3) Data from (1) and (2) will provide a strongbasefor a properly-

planned(i.e., related to orbital environmentsexpectedto be

encountered)multiple radiation environmenttest program.

(4) A studyof in-vacuum (in situ) reflectance changeswith time following

exposureof thermal control coatingsto electromagneticand particle

radiation shouldbe performedto provide morebasic data on possible

damagemechanisms.

(5) Baseduponevidence of mlcro-pitting in selectedcoatings following

protonexposure,an investigation of light trapping from suchpitting

asa potential mechanismfor increasedabsorptance(reflectance

degradation)shouId be made.
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1.0 SUMMARYOF PROGRAM

1.1 PROGRAMDESCRIPTION

Theoverall objective of the programhasbeena surveyof the effectsof

electrons, protons, and ultraviolet radiation on a great variety of thermal control

coatings, in the presenceof environmentalconditions similar to thoseencountered

in space. Theenvironmentcriterion selectedhasbeenthat for a near-earth orbit-

ing spacecraft. Thosefeaturesselected for simulation have beenultrahigh vacuum,

temperature, ultraviolet radiation, and magnetically trappedelectrons. The

specific objectives of the programhave beento:

(1) Studythe effects of simultaneouselectron and ultraviolet irradiation on

the thermophyslcalpropertiesof thermal control coatings.

(2) Establishthe validity of accelerated-rate laboratory irradiation of

coatingsthrougha study of electron radiation damage as a function of

exposure rate.

(3) Conduct surveys of coating degradation phenomena following exposure

to protons, ultraviolet radiation from xenon arc sources, and ultraviolet

radiation from mercury arc sources.

(4) Investigate physical property changes as well as optical characteristic

changes due to irradiation in a simulated space environment.

Approximately 1,000 test specimens have been supplied by the Thermo-

physics Branch of NASA Goddard. These samples have been exposed to electrons,

protons, and ultraviolet radiation, both singly and together, using the Combined

Radiation Effects Test Chamber (CRETC). To meet the program objectives the

following tests have been conducted:

(1) A screening test involving exposure of 17 sample types at 22°C, to

50-keV electrons at fluences from 1.6 x 1013 to 8.5 x 1014 electrons

-2
cm .
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(2) An electron rate test, again using 50-keY electrons at fluxes from

1012 -2 -14 x 108 to 1.7 x electrons cm sec , to establish the equivalence

between effects produced by accelerated laboratory exposures and the

lower flux levels of space exposure, on 13 sample types at 20°C. The

1015 -2fluence range covered was 1 x 1013 to 8 x electrons cm

(3) An ultraviolet radiation effects study to provide information needed to

determine if the effects of low energy electrons and ultraviolet radiation

are additive for simultaneous or sequential irradiations. Forty-one samples

of 14 program types, plus five samples of two types of current interest to

the OAO program, were exposed to ultravlolet-rlch electromagnetic

energy, and measured at levels from 18 to 1,130 equivalent UV-sun

hours, while their substrates were maintained at 20°C.

(4) An electron-ultraviolet intensity ratio study to determine the influence

of this ratio on damage and damage rates. Periodic reflectance measure-

ments were made on selected types of coatings in vacuum at 20°C during

combined u Itraviolet and 50- keV electron exposure tests.

(5) A proton effects test, to survey the degradation caused by 20-keV

protons in selected types of coatings. Seven coating types were exposed
-2

to fluences from 1014 to 1017 protons cm .

(6) A xenon lamp continuum effects comparison performed on selected

coatings. Nine types of samples were exposed up to 85 ESH from xenon

sources and the degradation compared to that observed in Test 3.

Hemispherical spectral reflectance measurements of test and control samples

have been made in situ over the 240 to 2500 millimicron wavelength region before,

periodically during, and after irradiation. Spectral reflectance data obtained

have been analyzed to determine changes in reflectance. On appropriate samples

the existence of rate effects or synergistic effects has been investigated. On

selected samples the recovery of lost reflectance upon re-exposure to air has been

determined. Physical changes have been noted in certain samples.

2
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1.2 TESTFACILITYDEVELOPMENT

Concurrentwith the executionof this researchprogramwasthe developmental

evolution of a combinedradiation effects test chamber(CRETC). Inherent in con-

siderationsguiding its developmentwasa desirenot only to incorporate judiciously

recent innovationsof contemporaryfacilities but aIsoto validate severaloriginal

concepts. Thisendeavorculminated in the creation of a uniquely flexible in sltu

test facility that is sufficiently versatile to respondto changingrequirementsof

environmental conditionsand test methods,and yet be commensurate with both

the specific program objectives of the contracted study and of ensuing, follow-on

programs.

Several of the salient features of the CRETC are cited to indicate the spec-

trum of its capabilities.

(1) The CRETC provides not only the environments (vacuum, temperature,

ultraviolet radiation, and electron radiation) to the degree specified

in the original technical proposal, but also provides simultaneous

exposure by positive ions (protons and alpha particles). Thermally-

generated electrons are a Iso available to simulate charge neutralization

phenomena associated with the solar wind.

(2) The large chamber concept with its inherent advantage of large

capacity permits:

(a) The testing of hundreds of specimens while maintaining identical

vacuum and temperature conditions for all samples at all times

during radiation exposure and measurement of reflectance.

(b) The uniform exposure of large groups of specimens with simultaneously

combined types of radiation whi le concurrently uniformly exposing

other groups of specimens to the separate component types of radia-

tion (all specimens being in the same residual gas environment).

3
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(c) Therotation of a secondgroupof samplesinto an undisturbed

radiation beamsuch that the new specimens are in the exact

positions occupied by corresponding samples of the first group

(with the ability to alter other aspects of the environment).

(d) The exposure of different groups of samples to the radiation of

different types of ultraviolet lamp sources, in order to correlate

the resultant changes in reflectance with the emission spectra.

(3) In addition to furnishing the more conventional, modern dosimetry

techniques for charged particles, an in sltu ultraviolet lamp monitor-

ing system has been devised for high resolution spectral measurements

of the actual electromagnetic intensity incident on the sample plane.

(4) An effective anticontamination baffle is available to eliminate cross-

contamination of specimens subjected to exposure conditions. The

large chamber concept employed in the CRETC is believed to diminish

significantly self-contamination and other forms of external contamina-

tion often observed in small-volume chambers.

(5) The acquisition of test data from the CRETC reflectometer and Beckman

DK-2A spectrophotometer employs automated equipment, enabling

significant time and cost savings as well as increased accuracy. The

Datex data handling system installed treats and feeds data to an IBM

526 card punch. The result is the simultaneous compilation of raw data

(conventional reflectance charts) and the implementation of computer-

aided data reduction.

The integration of a low energy particle accelerator (LEPA) with the CRETC

is shown in Figure 1. The dual Plasmatron source of ions is mounted external to

the CRETC to facllitate magnetic energy analysis and mass separation of positive

ions. Both the very low energy ("thermal") electron source (utilized for charge

neutralization) and the electron accelerator (shown in Figure 2) are mounted in-

side of the vacuum chamber, to minimize the influence of drift fields. Electrons

4
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Figure 1. Low Energy Particle Accelerator and 
Combined Radiation Effects Test Chamber 

Figure 2. CRETC Electron Accelerator and Beam Handling System 

5 
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and positive ions available from the major radiation sources encompass the

energy range from below 1 keV up to 100 keV. ToQbtain higher energies, the

CRETC external beam port is designed to join the beam handling systems of the

existing Dynamitron (energies to 3 MeV) and the Linac (energies to 25 MeV),

The interior of the three-feet-diameter CRETC is shown in Figure 3.

Shown is the temperature-controlled specimen wheel (containing mounted arrays

of samples), the housing assembly for the integrating sphere (utilized in reflec-

tance measurements), foils for electron beam scattering, and an array of water-

cooled UA-3 and UA-11 mercury-vapor lamps. Figure 4 shows a pair of xenon

lamps mounted in the same chamber, and the very low energy electron source.

The in situ spectral monitoring system for ultravlolet-rich electromagnetic

energy sources is diagrammed in Figure 5. This system, calibrated against stan-

dard light sources, can record high-resolution spectral information at wave-

lengths as short as 1650 Angstroms, and as long as 3.5 microns (35,000 Angstroms).

An example is shown in Figure 6.

Shown in Figure 7 is the antlcontamination baffle used extensively during

this program. The temperature of this baffle can be controlled by selected coolants.

Evaluation of the reflectance stability of standard specimens and radiation-resistant

control specimens shows no evidence of either external or cross-contamination.

Measurement of spectral reflectance is performed using a Beckman Far UV

D K-2A spectrophotometer, external to the CRETC, in conjunction with an inte-

grating sphere located within the vacuum chamber. The interior wall of the

integrating sphere is a composlte--electrostatically-smoked magnesium oxide power

over a zinc oxide-potassium silicate paint base. This system is depicted dia-

grammatically in Figure 8. High-resolution spectral reflectance charts can be

obtained, as evidenced by the data presented in Figure 9. The automatic spectral

data collection system (whose control console is shown in Figure 10), in conjunc-

tion with an IBM 526 card punch, accelerates data acquisition and analysis.

Accuracy is enhanced by employing computer programs that can display reflec-
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Figure 3. CRETC Interior 

Figure 4. CRETC Integrating Sphere, Xenon Ultraviolet Sources, 
and Therma I Electron Source 

7 
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Figure 7. Sample Anticontamhatton Baffle 

ATMOSPYEDC - - VACUJM I_ 

Figure 8. Diagram of the In Situ Reflectance Measurement System -- 
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tance data in a variety of ways and can compute absolute reflectance using data

from reflectance standards and normalization factors. Folding of the solar spec-

trum into output data is readily performed by the computer to obtain solar

absorptance.

Figures 50 through 59, and 66 through 68 in this report are computer-

processed plots of changes in reflectance, obtained usTng the automatic data

collection system.

12
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2.0 DETAILEDREPORTOFPROGRAMRESULTS

Themain effort of this programhasbeendirected towardobtaining in situ test

resultsof changesin the spectral reflectanceof some22 typesof thermalcontrol

coatings exposedto singleand/or multiple constituentsof the spaceradiation en-
vironment.

2.1 TEST SPECIMENS

Table 1 lists and describes the 22 types of coatings exposed to various radiation

sources during the different phases of the program. Upon receipt from NASA-

Goddard, test samples were secured and stored in a clean environment. When being

placed in sample holders in preparation for exposure, each sample was handled on

edge by persons wearing clean, white gloves. Copper shims placed behind the

alum|num substrate of each test sample assured maximum thermal contact with the

CRETC's temperature-controlled copper sample wheel throughout tests. Figure 3

(in Section 1.2) shows the configuration of mounted samples.

More detailed descriptions of sample preparation procedures for coating types

D3, E3, F 3, H, I, and J are given in Tables 2, 3, 4, and 5.

2.2 TESTS IN ELECTRON-ONLY ENVIRONMENT

Two groups of exposure tests were conducted on the majority of the coatings

listed in Table 1: an initial electron screening test, and a series of electron rate

tests. All exposures were made using a 50-keV electron beam obtained from an

electron gun mounted in the CRETC. The electron beam was scattered through a

thin aluminum foil to obtain uniform exposure (axial symmetry) of samples mounted

in test arrays like those shown in Figure 3. Voltage on the accelerating electrode

was adjusted so that the energy of the electrons would be 50 keV after passing

through the scattering foil. Direct beam current was measured in a fixed Faraday

cup located behind the sample wheel. The hole in the center of each sample array

(see Figure 3) serves as an aperture for that insulated Faraday cup. Thus the cup

can also be used to monitor the forward scattered beam during exposure in order to

13
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Type
Code

A

B
S-13

C

D 3

E3

F3

G

H

Table 1. Coating Types And Radiation Environments In Which Tested

Description of Coating

(Pigment--binder) Electrons

Exposed to
Electrons

UV
-UV

Protons

Anatase titanium dioxide-Dow Corning

Q92-0090 methyl silicone, mixed 3

parts paint to 1 part catalyst. Approx.
2 mils of paint on top of 2 mils of Cat-

a-Lac white primer°

Zinc oxidemmethyl silicone. Approx.
9 mils of S-13 on top of a thin coat of

GE $54044 primer.

Zinc oxide--Dow Corning Q92-016

methyl silicone. Approx. 10 mils of
paint on top of 2 mils of Cat-a-Lac

white primer.

Alpha-phase a lumlnum oxide--PS-7
potassium silicate. Approx. 11 mils

of paint, applied directly to sub-
strate. (See Table 2 also.)

Ruti le titanium dioxideJa luminum

oxlde--PS-7 potassium silicate.

Approx. 4 mils of paint, applied as

with type D3; see Table 2.

Zinc oxide/aluminum oxide--PS-7

potassium silicate. Approx. 5 mils of

paint, applied as with type D3; see
Table 2.

X

X X X

x x X

X

X

x

Vapor-deoooslted aluminum oxideo

(11,000 A ) on top of 1000 A of a luml-

num evaporated onto a buffed, chemi-
cally cleaned, and glow discharge

cleaned, substrate. (Prepared by Dr.

Georg Hass of Fort Belvoir.)

Silicon dioxide deposited in vacuum

onto a buffed and degreased aluminum
substrate. See Table 3 also.

Leafing a luminum--mixed Dow Corning

805 and 806A phenylated silicones.
Approx. 3 mils total in 3 coats; see
also Table 5.

x

X

x

X

x

x

14
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Table 1.

Type
Code

J

Coating Types And Radiation Environments In Which Tested (Continued)
|

Description of Coating

(pigment--binder) Electrons

Vapor=deposited aluminum on a lac-
quered aluminum substrate. See Table 4 x

Buffed and vapor-degreased aluminum
substrate, x

.Exposed to
Electrons

UV
-UV

Proton

X

K × X

L1

L2

Anatase titanium dioxide--Dow Corning

Q92-0090 methyl silicone, mixed 3 parts

paint to 1 part catalyst. Like type A,
but approx. 5 mils of paint on top of
2 mi Is of Cat-a-Lac white primer.

One-half of the type I_ samples, stored
with a black water-emulsified removable

overcover until a few hours before ex-
0osure.

X

X

X

X

M

S-13G

N

O

P

Q

Treated zinc oxide--methyl silicone.

Approx. 10 to 12 mils of an early formu-

lation of S-13G, over $54044 primer.

2-mil Kapton H-film over a thin alumi-
num coat on an aluminum substrate.

Rutile titanium dioxide--GE RTV 602

methyl silicone, mixed 2 parts pigment
to 1 part vehicle.

Rutile titanium dioxide--Dow Coming

XR 6-3488 methyl silicone, mixed 3

parts pigment to 2 parts vehicle.

Zinc oxide and titanium dioxide pig-
ments in a mixed silicone/silicate
vehlc le.

X

x

X

X

X

X

X

X

X

R

Y

Z 1

Z2

Treated zinc oxide--methyl sllicone
Series 101-7-1

Antase titanium dioxide--methyl

phenyl silicone (OAO Pyromark
Standard White).

0.29-mil anodized aluminum. Alzak

specimen No. 21

0.10-milanodizedaluminum. Alzak

specimen No. 26

X

X X X X

X

X

15
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Table 2. Preparation of AIkall Silicate Samples (Type D3, E3, and F3)

Preparation of Substrates

•

2.

3.

Coating Constituents

Abraded

Degreased using H3PO 4, then rinsed

Residual H3PO 4 neutralized with 50 percent solution of PS-7

Series D3 Series E3 Series F3

K2SiO 3 52% 56% 56%

TiO 2 -- 9 I

ZnO (SP-500) .... 8

AI203 27 24 24

KOH (27N) 2 1 1

H20 19 10 10

100% 100% 100%

Coating Preparation Process

•

2.

3.

4.

5.

6•

o

8.

Add solids to KOH(27N) and water mixture -- excess water.

Stir and heat for about 3 days•

Evaporate to a thick slurry.

Add silicate.

Stir and heat 2 days•

Monitor weight of combination until the correct water balance
is obtained.

Allow mixture to stand for about 14 days°

Carefully remove liquor° The remaining contents may be sprayed°

16
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Table 3. Preparation of SiO Samples (Type H)x

Aluminum discs buffed to 85-87 percent reflectance and degreased.

Coating Procedure

1. SiO applied in vacuum - one quarter wavelength (550 m_ ).

2. Evaporate aluminum to opacity.

3. SiO applied in air environment to thickness of 18 quartersx

wave lengths°

4. Coatings exposed to ultraviolet radiation for total of 5

hours; no further change seen in reflectance. Final coating

therefore considered to be SiO 2. Total coating weight

approximate ly 0o0018 gram.

Table 4. Preparation of Vapor-Deposlted Aluminum Samples (Type J)

Preparation of Substrate

1. Abraded with 320 grit silicon carbide paper.

2. Cleansed with acetone.

3. Interchemlcal Corp. Paladin thermosetting black primer applied

to thickness of 0.0005 inch and baked for one hour at 350°F.

4. Bee Chemical Co. Logo urea or melamine formaldehyde (modified)

clear thermosetting type lacquer applied in 2 coats to approximate

0°007 - 0.008 inch thickness. Force dried one hour at 150°F, and

baked one hour at 350°F.

Coating Process

Alum!hum deposited to a total weight of approximately 0°04 gram.

17
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Table 5. Preparation of Leafing Aluminum-Silicone Samples (Type I)

Preparation of Substrate

1. Abraded with 320 grit sillcon carbide paper.

2. Cleansed with acetone.

Coating Constituents Formula

Metal's Disintegrating Company

5100 Leafing Aluminum Powder

Dow Coming Silicone Resin No o 805

50 percent solids -- phenylated

Dow Coming Silicone Resin No. 806A

50 percent solids -- phenylated

Xylene

Coating Process

1. Stored in glass for maximum shelf stability.

2.

3.

o

e

Parts by Weight

18o7

29ol

29.1

9.0

Mixing accomplished on a Brookfield Counterrotating Mixer.

Applied directly to aluminum disc substrates. No primer used°

Three coats, applied at 15-minute intervals, for total of

0°003 inch approximately°

Baked 3 hours at 350°F. Coating weight approximately

0.05 - 0.06 gram.

18
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provide a means of obtaining total exposure fluence. Two remotely controlled

Faraday cups (90 ° with respect to each other) are rotated in front of the scattering

foil in order to map the Gaussian electron scattering.

2.2.1 Electron Screening Test

Table 6 indicates the irradiation test points obtained, and the sample measure-

ments made, during the 50-keV electron screening test. In situ spectral reflectance

measurements were made following electron exposures of 1.6 x 1013 , 2 x 1014 , and
-2

8 x 1014 electrons cm Average exposure rates used in reaching these three

1010 1011 011 -2 -1fluenceswere2x , lx , and 5xl electronscm sec , respectively.

These exposure rates were sufficiently low that no significant heating occurred in

the test samples (determined by calculation). The temperature of the sample wheel,

monitored during the test, was 22°C.

Hemispherical spectral reflectance measurements spanning the 0.22- to 2.57-

micron wavelength region were made as indicated in Table 6. From these measure-

ments the following reflectance changes in the various types of tested coatings were

noted:

Aluminum and oxlde-coated aluminum sample types G, H, I, J, and K exhi-

bited no significant loss in reflectance from 0.25 to 2.5 microns for exposures as

great as 8 x 1014 -2electrons cm . Kapton H-film (sample type N) showed some

reflectance loss in the visible region t but serious degradation occurred only at the

1014 -2highest exposure fluence, 8 x electrons cm

Zinc oxide--methyl silicone sample types (B, C, and M) had their greatest

losses of reflectance in the infrared region. These samples showed the greatest

loss of reflectance in the infrared region of all types tested. Type M appears to be

the most sensitive of theZnO--methyl silicone specimens. However, the loss of

reflectance by ZnO--methyl silicone samples in the visible region was much less

and far below that of many other sample types.

19
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TEST
SAMPLES

A-3

i PRE-
IRRADIATION,
IN AIR

UV VlS IR

X X X

Table 6

Irradiation Test Points and Measurements --

Electron Screening Test

PRE-

IRRADIATION,
I N VACUUM

UV VIS IR

x x x
B-3 _X. X X X

X X X X
X X X
X X X
X X X

X X X

X X X

E3-3
H-3

I-I X X X

J-1 X X X,
K-3

-i_2_---4-
M-3
0-3
P-4

N-4

CONTROLS

A-2

B-2
C-2

D3-2
G-2

F3-2
E3-2
H-2

I-2
J-2

K-2
LI-2

L2-3

X X X

X X X

X X X
X X X
X X X

X X X

X X X

M-2

0-2

P-2
iHi

X X
X X X

X X
X

X X
X X
X X

X X
X

X

X × X

X X

X X X

X X

X

X X

POST

1.6x1013e/cm 2

UV VIS IR

X X

X X

X X
X

X X
X X

X

x X

2x 1014e/cm2

UV VlS IR

X X X

X X
X ×

X X X
X X

X X X
X X X

X X X
X X X
X X X

X X X

X X
X X

X X X

8x 1014e/cm2

UV VIS IR

X X

X X
X X

X X X
X X X

X X

x x.
X X x

X X X
x _x x
x X X

X X
X X

X X X

IRRADIATION,
IN AIR

UV VIS IR

X X
X

X X

X X

X

X X X

X X

X X
X Xx x x x x

x x x x x x x X
X X X X X X X X

X X X

X X X X X
X X X

X X X X X
X
X X

X X X X X X X X

X X
.m

X : Reflectance charts that were made.

X

X

2O
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Titanium dioxide--methyl silicone sampletypes (A, k1, L2, O and P) were

found to be lesssensitiveto reflectance changein the infrared region than the ZnO

mmethyl silicone samples. They did suffer more significant reflectance loss in the

visible region, however. The order of resistance of the TiO2--methyl silicone

samples to radiation damage turned out to be in correlation with the alphabetical

listing of the TiO2mmethyl silicone types. Thus sample type A was observed to

have sustained the greatest loss of reflectance. Sample type ['2' with the removable

coating (removed prior to exposure), showed somewhat greater damage than ['1' but

the differences in reflectance losses were not large, nor were they fully consistent

at all exposure levels. Types O and P were most resistant to radiation damage.

Metal oxide-potassium silicate samples (D3, E3, and E3) exhibited larger

losses of reflectance in the visible region than in the infrared region. In the visible

region, losses of reflectance at 8 x 104 -2
electrons cm were greater in E3 and F3

than for any of the other types of diffuse coatings tested. The most sensitive sample

with potassium silicate binder was found to be type F3, zinc oxide/alumlnum oxide

_potassium silicate.

The profile of damage (loss of reflectance) in type M, an early formulation of

S-13G (treated zinc oxlde_methyl silicone), shown in Figure 11, is typical of the

in situ damage profile measured in the tested white diffuse coatings following elec-

tron exposure. The reflectance of sample type M was also monitored during and

following the backfilling of the test chamberw_thdryalr. Reflectance charts

were obtained periodically and the resulting recovery of reflectance is also shown

in Figure 11. Rapid reflectance recovery of sample type M in the infrared region

was observed as opposed to much slower recovery in the visible region.

Selected in-air reflectance data was obtained on all sample types before and

after electron exposure. Most of the samples showed significant recovery after 24

hours of reexposure to air. In many types, infrared reflectance returned nearly to

preexposure values within 24 hours after reexposure to air, while reflectance in the

visible wavelength region was restored only partially. Anoted exception to nearly
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full recovery in the infrared was type L, which retained about half of its damage

there and in the visible region also. Table 7 summarizes the observed in-air

recovery properties.

2.2.2

"Permanent" Reflectance Losses Measured After 24 Hours in Air,

Followlng Exposure to 8 x 1014 50-keV Electrons cm -2

Tab le 7.

Sample ARperm = R.- Rpost, in air (%) at

Type

A

E3

F3

L1

L2

M

O

P

(Note:

Electron Rate Studies

590 mjs

m

4

4

No Significant changes in B,

950 m/s

0

2

1

4

5

2100 m/s

1

4

5

10

15

3

2

2

C, D, G, H, I, J and K.)

Table 8 shows the irradiation test points employed in these electron rate ex-

posures, and the respective irradiation rates for each exposure which were used to

establish the findings concerning electron rate effects. The findings are summarized

by the statement that, for 50-keV electron fluxes ranging from those typical of peak

-2 -i)space fluxes ( 4 x 108 electrons cm sec to accelerated testing rates up to 1.7
-2 -1

x 1012 electrons cm sec , no significant rate effects exist in any of the 12 types

of coatings tested.

The conclusion regarding absence of rate effects was obtained after detailed

analysis of sample spectral reflectance data at four significant wavelengths, 590,

900, 950, and 2100 milllmlcrons. The wavelengths were chosen from continuous

wavelength scan charts on the basis of significant reflectance changes and apparent

operation of damage mechanisms in surrounding wavelength regions. Probable error
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in the reflectance percentagesexpressedis plus or minustwo percent. In the fig-

ures following, R. is the preirradiation reflectance value, and Rf is the "final" inI

sit.._.uureflectance value at any given fluence. Each value has been corrected very

nearly to absolute reflectance, by normalizing the integrating sphere MgO wall

reference curve to 100 percent, and the sample reflectance data point proportionally.

Table 8. Exposure Rates Used For Electron Rate Study

Average Rates of and Exposures to 50-keV Electrons

Fluence Flux

(electrons cm -2) (electrons cm -2 sec- 1)

1 x 1013 4x108 , 1 x 1010

1.6x 1013 2x 1010

5x 1013 2x109 , 2x 1010

1 x 1014 2x 109 , 2x 1010

2x 1014 2x 1010 , 1 x 1011

5.5 x 1014 2 x 1010

8.5 x 1014 5 x 1011

8x 1015 1.7x 1012

Figure 12 shows the building up of reflectance changes at 2100m/s with in-

creasing electron fluence in two zinc oxide--methyl silicone types of samples,

S-13 (type B) and an early formulation of S-13G (type M). Data for each irradia-

tion rate or flux bears a different symbol, allowing the determination to be made

that exposures at all rates used cause equivalent manifestations of reflectance

changes.

Figure 13 shows similar data at 2100 m/_ for two types of titanium dioxide--

methyl silicone coatings (L and P). Reflectance changes in L, an anataseTi02,

are larger than those in P, a rutile Ti02, at all but the highest fluence. Again,

reflectance changes are seen to be independent of irradiation rate.
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Figure 14 shows data on two zinc oxide-pigmented sample types, M and F, at

950 mp. The differences in damage buildup may be seen for zinc oxide/aluminum

oxide--potassium silicate (F) as contrasted with zinc oxide--methyl silicone (M,

S-13G). As in Figure 13, the data point spread is within experimental error.

Figure 15 contains near-infrared wavelength data for two titanium dioxide--

methyl silicone coatings, L and P. The data for anatase TiO 2 (L), at 900 m/z ,

have the greatest spread seen in all groupings of reflectance values analyzed for

rate effects phenomena. Because the spreads are within experimental error, how-

ever, there is again no evidence of irradiation rate effects.

Figure 16 shows reflectance data at 590 m# for S-13G (M) , zinc oxide--

methyl silicone, and for type F, zinc oxide/aluminum oxide--potassium silicate.

A comparison of the relative spreads of data from F and M is believed to point out

greater sample-to-sample differences in M than in F. Figure 17 contains 590 m/z

reflectance data for sample type L, TiO2--methyl silicone.

Figure 18 shows total hemispherical reflectance data at 2100 m/L in two

specular sample types, H (SiO 2 vapor-deposited onto aluminum) and K (buffed

aluminum).

Figures 12 through 17 also provide additional data for characterizing coating

degradation. Table 9 summarizes two aspects of degradation shown in the six

figures: (1) extent of damage buildup before saturation, and (2) linear or non-

linear presentation of reflectance changes when plotted on a log-log scale. Satura-

tion of reflectance degradation is seen to take place after various amounts of re-

flectance change have occurred, and occasionally (such as type M at 2100 m/z )

only as reflectance approaches zero. It is seen that reflectance changes in sample

type F (zinc oxide/aluminum oxlde--potassium silicate) can be plotted more linearly

than changes in other coating types studied.

Tables 10, 11, and 12 indicate at the selected wavelengths of 2100, 950, and

590 m/z (chosen from 230 to 2500 mp continuous-scan charts), the relative sensi-

tivity to 50-keV electrons of the types of thermal control coatings tested during the
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Table 9. Characterization of Electron Degradation in Selected Coatings

Coating Type
Encircled number refers to Figure with that number

BWave-

length

Region

Middle
I nfra red

Near

In fra red

Vlsible

L

Anatase

Ti02-
Methyl
Silicone

@
Begins to
saturate
at

& R _ 40%.

Non-linear

presentation

@
Begins to
saturate
above

& R_ 20%.

Non-linear

pr_ntation

Begins to
saturate
above

&R_IO%.

P

Rutile

TiO2-
Methy I
Silicone

Linear

Presentation

(within
limits of

Non- linear

pre(_tatlon

Begins to
saturate
above

&R_20%.

(Mostly
sma II re-
flectance

changes.)

Zn0-

Methyl
Silicone

Non- linear

presentation

@
Begins to
saturate

at & R_ 4_,';,

(Small re-
flectance

changes.)

(Very lit-
tle re-
flectance

change, )

M

Treated

Zn0-

Methyl
Silicone

Non-linear

presentation

@
Saturates

at limit

of re-

flectance.

Non- linear

pre(_tation

Begins to
saturate
at &R _20%.

Within

data

limits1
linear

presentation

to highest
fluence
tested°

@

F3

Zn0/A Ig0_-
Pota ssiu"mv
Silicate

(Most ly
sma II re-
flectance

changes. )

Linear

presentation

to highest
fluence

tested.

@
Linear

presentation
to highest
fluence

tested.

@
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electron screening and rate studies. Buildup of degradation in these coatings can

be summarized as follows:

(1) At 2100 m/_ (Table 10) zinc oxide--methyl silicone coatings show the

greatest sensitivity to damage. Of the titanium dioxide--methyl silicone

coatings, sample type / is the most sensitive while types O and P exhibit

much higher thresholds for damage. At 2,100 m/s type F is the least

Table 10. Decrease in Reflectance at 2100 ml_

Sample Type

A

B

C

F3

H

I

J

K

L

M

N

lx1013

m--

6

_m

2

_m

1

6

3

AR = Ri - Rf,

exposures (electrons cm -2)

(percent) for 50-- keV electron

o6X1013

3

--m

2

mB

mm

IB

BB

0

3

O _m mm

P 0 --

y _m _

i

Only small changes in D 3, E3, G, H

5x1013

_m

mm

D_

m_

11

20

BB

mm

m_

lx1014

23

0

2

3

13

37

of:

2x1014 5.5x1014

14 --

30 33

13 --

5 7

2 2

-- 3

-- 3

3 4

17 28

47 51

0 0

1 2

2 3

22 31

2 12

mm

mm

_B

mm

, I, J, K, N, Oand Po

8x1014

20

41

19

8

_m

25

51

Em

mm

_m

mm

34

18x1015

_u

45

29

2

8

7

4

39

55

37

43
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sensitive of the diffuse coatings to damage. [(apton H-film shows no

evidence for degradation at that wavelength.

The resistance to reflectance change is, in general, slightly greater at

950 m# for most coatings (Table 11). The most notable exception is

type F, which is significantly more sensitive to damage at 950 m#

In the visible region (590 -Is ) type F is the most sensitive and types

B and O the least sensitive paints. Kapton H-film undergoes very large

degradation, but only at very high fluences. See Table 12.

Table 11. Decrease in Reflectance at 950 m#

Sample Type

A

B

C

D 3

E3

F3

L

M

N

0

P

Q

Y

lx1013

Em

B_

m_

1

3

0

Bm

Du

&R =

1.6x1013 5x1013

4 --

0 --

0 --

0 --

2 --

0 2

3 5

2 4

-- 0

0 --

- Rf, (percent) for 50--keY electron

of:

5.5x1014 8x1014

-- 13 -- 17

0 2 2 8

-- 3 -- 11

Re

I

exposures (electrons cm -2)

lx1014 2x1014

-- 1

-- 8

2 6

mm

wB

_m

8 13

6 12

0 0

4

7

22

6

mm

10

21

16

6

9

11

33

18

1

20

15

21

17

mm

15

8x1015

mB

9

_m

nm

m_

37

28

24

17

46

35

Only small changes in G, H, I, J, and Ko
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Table 12. Decreasein Reflectanceat 590 m#

AR = Ri - Rf, (percent) for 50-keV electron

Sample exposures (electrons cm -2) of:

Type 013 013lx1013 1.6xl 5xl lx1014 2x1014 5.5x1014 8x1014 8x1015

A

B

C

D

E

F

L

M

N

O

P

mD

mD

_B

mm

--m

6

1

0

0

_m

_m

m_

1

0

6

10

7

1

I

I

0

0

ml

mm

mm

ml

mg

9

_m

_m

_m

m_

mm

mm

Em

Bm

m_

13

8

3

10

0

0

6

14

14

14

4

4

2

3

0

0

Bi

19

20

10

13

3

14

11

3

11

22

19

18

5

9

10

7

mm

mm

mm

mm

32

18

60

2O

G, H, I, J, K: Very small changes, even after exposures of 8x 1015 electronscm -2

A multiplicity of 3 samples per coating type was used at most data points.

Very close agreement was found between samples of the same type. No systematic

differences were found between samples of type L which had or had not had a re-

movable coating.

A detailed illustration of the buildup of degradation in sample type M (S-13G)

with electron exposure up to 8 x 1015 -2electrons cm is shown in Figure 19. There

occurs in the infrared wavelength region an initially rapid decrease in reflectance,

which eventually saturates at high &R values. In the ,_isible region, however, the

buildup of damage is slow at first and then more rapid at high exposure. Upon re-

exposure to dry air, however, this coating exhibits contrasting behavior. A set of

reflectance measurements was made on type M, treated zinc oxide-methyl silicone,

while and after backfilling the chamber with dry air to an absolute pressure of one
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atmosphere. This set of data is reduced to reflectance-change form in Figure 20.

Reexposure to air causes a rapid rate of reflectance recovery in the infrared region;

this rate decreases with time, as Figures 20 and 21 show. In the visible region,

however, reflectance is restored much more slowly, with considerable "permanent"

damage remaining in type M (and in the other diffuse coatings) even days after back-

filling the chamber with air.

Table 13 contains in-air reflectance data on type M and on additional selected

coatings as well, following exposure of different specimens to two distinct electron

fluences. Measurements were taken several days following readmission of dry air

into the chamber, and hence represent "permanent" reflectance losses in the

selected coatings after stabilization in air.

The data presented herein is seen to be consistent with results from early in-air

tests, in which coatings exposed to high fluences showed signs of permanent effects

mainly in the visible wavelength region.

After completion of in-air reflectance measurements, the CRETC was re-evac-

uated in an attempt to confirm results reported elsewhere, to the effect that certain

materials have a memory for damage sustained during a previous pumpdown.1 In

Table 13. "Permanent" Reflectance Losses

Approximate Loss of Reflectance (percent) for Exposure of:

Sample 1014 2 1015Types* 5.5 x Electrons cm- 8 x Electrons cm-2

U V Edge Visible Infrared U V Edge Visible Infrared

B 0 0 0 4 0 0

F 0 1 0 3 1 1

M 0 0 0 4 0 0

O 6 0 0 6 4 0

P

L

4

2

3

6

0

13

6

7

4

9

0

20

*Types H, I, J, and K exhibited no permanent reflectance losses.

J. E. Gilllgan, oral remark at the 2nd AIAA Thermophysics Specialist Conference,
New Orleans, Louisiana, April 19, 1967.
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our tests, resultswere negativeon all coatingsmeasured,asno memoryfor previous

damagewasexhibited for the two casesof (1) pumpdownonly, and (2) pumpdown

followed by a brief electron exposure. (Theexposurewasmadeto see if it would

"trigger" a return to the degradedstate.)

More recent discussionswith G. A. Zerlaut of lit ResearchInstitute have indi-

cated that, when placed in vacuuma secondtime, unboundzinc oxide pigmenthas

a memoryfor previousdamage.

2.3 TESTS WITH ULTRAVIOLET-RICH ELECTROMAGNETIC RADIATION

A survey of effects of ultraviolet radiation from long-arc mercury sources was

conducted on the majority of coatings listed in Table 1. Subsequently, comparative

resu Its were sought on selected coating types, using long-arc xenon ultraviolet

sources.

2.3.1 Mercury-Arc Ultraviolet Radiation Studies

Figures 3 and 7 show the location, configuration, and details of the ultra-

violet lamp array used for these tests. Four General Electric UA-11 and two UA-3

lamps were utilized to produce ultraviolet-rlch electromagnetic radiation of uni-

form intensity in the sample plane and over an area larger than the sample array.

Each UA lamp was enclosed in a water-cooled, double-walled quartz jacket and

placed at the focus of a pollshed aluminum reflector. De-lonized distilled water

was circulated through the lamp jackets via an external closed system consisting

of pump, reservoir, ion and heat exchangers. Water samples could be drawn from

the reservoir at any time to measure its spectral transmission if any change in the

spectral distribution of the lamp array had been detected by the in situ electro-

magnetic radiation monitoring system.

The in situ spectral monitoring system has been employed during this program

to determine the spectral character of ultraviolet sources used, As Figure6 indi-

cates, the determination that UA series ultraviolet sources have no excessive
o

(relative to solar output) line emission at 2537 A was based on measurements with

this system. That the system's optical train and DK-2Aspectrophotometer truly
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passenergyat this wavelengthwasassuredthrough experimentsusing the output of

a smallPenraylamp.

In detail, the in sltu spectral monitor operatesas follows: Energyfrom the

ultraviolet sourcehousedwithin the chamberis transferred to the entrance port of

the integrating sphere via two shuttered holes in the sample wheel and two mag-

nesium fluoride overcoated front surface aluminized mirrors. The energy then

passes in a collimated beam through the integrating sphere's entrance and exit ports

without impinging on its internal MgO surface. From this point on the energy

utilizes the same transfer optics and far-u Itravlolet spectrophotometer as when re-

cording sample spectral reflectance. The spectrophotometer, however, is operated

in the single beam energy mode rather than the usual double beam mode, and the

energy traverses the monochromator in the direction opposite that normally used.

Detectors are therefore located in the position on the spectrophotometer normally

occupied by the instrument's energy sources. The detector housing contains a lead

sulfide cell and a special far--ultravlolet photomultiplier tube. The detectors that

are embedded in the integrating sphere wall and used when obtaining sample spectral

reflectance, are disconnected when the instrument is measuring source spectra.

This system enables precise measurement of the spectral distribution of source

energy impinging on the sample plane at any time and over the continuous wave-

length region from 1650 Angstroms to 3.5 microns (35,000 Angstroms). Figure 6 is

a reduced DK-2A chart of lamp spectra obtained during ultraviolet exposure of a

sample array at a chamber pressure of 10 -7 torr. Source emission lines in the ultra-

violet region are resolved when separated by only a few Angstroms. This capabTlity

whether used to obtain source spectra or sample reflectance spectra, should not be

confused with "spectral" measuring techniques which employ band-pass filters instead

of a monochromator.

A TRW model DR-2 radiometer and a Corning type O-51 filter were used to

measure the irradiance below 4000 Angstroms on the sample plane from the ultraviolet

lamp array. Initial and final measurements were averaged and when divided by the
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total solar energybelow4000 Angstroms,at zero air massand one astronomicalunit,

resulted in a 4.7 UV-sun rate. While this ismoreor less"standard" procedurefor

determining sun ratesand therefore employed, care mustbe taken in comparingsun

ratesderived for different UV lampsources,due to the disparity in spectral match

betweenany laboratorysourceand the extra-terrestrial sun.

Thesampleplanewasmappedto determineits irradiance uniformity by placing

the DR-2 radiometerheadat eachsamplepositionasdefined by the cells in the

spiderweb contaminationbaffle. Thereceiving surfaceof the DR-2was fitted with

an aperture maskprior to the measurementssothat its receiving area corresponded

to the area irradiated by monochromaticenergyduring reflectance measurements.

No significant departuresfromuniformity were found. Thedefocuslngaction of the

lamp jackets enhancesthe array's characteristicuniformity but at the expenseof

ability to achieve sunratesmuchin excessof five at presentsource-to-sampledis-

tances.

Tables14and 15showthe total numberof spectral reflectance chartsproduced

in the ultraviolet, visible, and infrared wavelength regions, at the following times

and exposureincrementsduring the mercury-arcultraviolet radiation effectsstudy:

pre-lrradiation, in air; pre-lrradiation, in sltu; 135 ESH;250 ESH;490 ESH;770 ESH;

1130ESH;18 ESH;53 ESH;120 ESH(all in situ); and post-irradiation, in air. These

measurements, encompassing the 240 to 2500 millimicron wavelength region, were

made using the Beckman DK-2A Far UV spectrophotometer and the CRETC reflecto-

meter. At most exposure points, measurements were made on each of 3 samples of

each type; no significant variations were observed among such sets of 3o

Throughout the ultraviolet radiation tests and measurement periods, each sample's

substrate was maintained at 20 ± 1°C. Chamber pressure was lower than 4 x 10-7

-8
torr at all times, and on the 10 torr range during measurement periods.

Figures 22 through 37 show normalized changes in reflectance over the 250 to

2450 millimicron wavelength region, for each type of coating tested. Each family

of curves shows the buildup of reflectance changes during the course of exposure to
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the ultraviolet-rich electromagnetic radiation. In each figure, the notation

AR = R.i - Rf designates difference in percentage of incident energy which is

hemispherically reflected after a given ESH exposure ("final"), relative to the

pre-lrradiation, in situ ("initial") value. Each entry has been rounded to the

nearest percent, after being corrected very nearly to change in absolute reflect-

ance. This is accomplished by multiplying the raw data point by that factor

(greater than unity) which brings the integrating sphere MgO wall reference curve

up to 100 percent.

Considering each coating type in turn, the following results have been

obtained:

Aluminum sample types (I, J, and K) exhibit significant reflectance losses in

the ultraviolet region, beginning with 135 ESHofUV exposure. See Figures 22,

23, and 24.

Coated aluminum sample types (H and Alzak) have reflectance losses over

wider wavelength regions, and at exposure levels as low as 18 ESH. In H the

losses extend from the near ultraviolet through the visible region. Type H also has

small reflectance increases in portions of the ultraviolet and infrared regions, as

Figure 25 indicates. Losses in reflectance for AIzak take place throughout the

u Itrav_olet and visible regions.

The two Alzak specimens tested (#21, called Z 1, and #26, called Z 2) exhibit

different reflectance loss rates when exposed to ultraviolet radiation, as a com-

parison of Figures 26 and 27 shows. Original reflectance charts confirm different

surface characteristics for these two speclmens--a 0.29-mil overcoating thickness

for #21 and a O. lO-mil thickness for #26. The thicker coating exhibits the faster

rate of damage buildup.

Reflectance decreases indicated in the tables and figures for H and Alzak are

average values, based on interference minima and maxima near the wavelength

which each table represents. In type H each minimum and maximum shifts with

exposure to shorter wavelengths. For example, a local minimum at 740 m/s before

exposure began shifts to 700 m/s at 1130 ESH.
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Similar to H, there occur in Alzak wavelength shifts with exposure, for each

minimum and maximum. Typical of shifts in the visible region is that of a local

maximum from 694 m/_ before irradiation, to 689 mM after 1130 ESH. In the

infrared, a typical shift is that of a maximum from 1195 mM to 1185 m#.

Kapton H-film (sample type N) shows some reflectance loss in the ultraviolet,

but more important for solar absorptance purposes are its moderate reflectance

changes, both increases and decreases, in the visible and infrared regions. See

Figure 28.

Of all classes of sample types tested, titanium dioxide--methyl silicone sample

types exhibit the most variability in response, from severe degradation (L 1 and k2)

to great resistance (P). Type P undergoes only small changes across most of the

region measured, even at 1130 ESH. Type O is somewhat worse, showing in the

400-500 milllmlcron wavelength region the usual characteristic of larger reflectance

changes. Types L1 and L2 undergo very large changes throughout the visible and

infrared regions. Comparisons can be made from Figures 29, 30, and 31.

Zinc oxide--methyl silicone sample types (B is 9 mils of S-13, while M is 10 to

12 mils of S-13G) have significant losses across the visible region. In the infrared,

however, B degrades much more severely than M. Compare Figures 32 and 33.

Metal oxide--potassium silicate sample types (D 3 and F3) also exhibit significant

reflectance changes, as shown in Figures 34 and 35. Type F3 (zinc oxide/alumlnum

oxide--potassium silicate) has moderate reflectance losses across most of infrared

region measured, and has the customarily greater losses in the short-wavelength

visible region.

Originally having a high reflectance in the ultraviolet region, D 3 (aluminum

oxide--potassium silicate) is subject to and undergoes large reflectance losses in

the ultraviolet wavelength region. These losses extend through the visible and into

the near infrared, but are of small magnitude there. Between 1.6 and 2.5 microns

there is no reflectance loss in D 3. In spite of its large reflectance losses, however,

it should be noted that the solar reflectance of type D at 1130 ESH is still no less

than that of type F3.
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When measured in situ before exposure, type Q (mixed zinc oxide and titanium

dioxide pigments in a mixed sillcone-silicate vehicle) increases its reflectance by

small amounts in the ultraviolet, the visible, and the 1.3 to 2.5 micron portion of

the infrared, relative to in-air reflectance values measured before exposure. Due

to exposure, reflectance is found to degrade moderately between 400 and 1900

millimicrons, the worst region being the short-wavelength visible. See Figure 36.

Of all paints, the largest reflectance changes occur in Pyromark, a titanium

dioxide--methyl phenyl silicone coating (typeY). Losses of reflectance severe

enough nearly to double Pyromark's solar absorptance at an exposure of 1130 ESH

take place across the entire wavelength region measured. Figure 37 shows spectral

reflectance change data for Pyromark; Table 16 indicates solar absorptance data

determined for Pyromark.

Table 16. Solar Absorptance Calculations for Pyromark

Equivalent Space 0 53 135 490 1130
UV Sun Hours

C_s 0.27 0.39 0.42 0.47 0.50

ASs - 0.12 0.15 0.20 0.23

% increase in - 44% 56% 74% 85%
= ACXs/OLs

Solar absorptance has also been calculated for Pyromark exposed to ultraviolet

radiation in a separate test at a 1.8UV-sun rate, up to 18 ESH. Table 17 showsa

comparison with data derived from tests at the 4.4 UV-sun rate. While indicative

of the fact that there are no significant rate differences for Pyromark between 1.8

and 5 sun rates when exposed to 18 ESH, it is insufficient data to draw any con-

clusions about uhraviolet radiation rate effects in this coating at longer exposures

or for much different lamp source spectra. Furthermore, the results on this sample

cannot be extrapolated to other types.
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Table 17. Comparison of Pyromark _ at Two Sun Rates
s

SAMP LE

SUN RATE

Pyromark #8

at 1.8 UV suns

Pyromark #5

at 4.4 UV suns

0 ESH

0.28

0.27

O_s at Ass after

18 ESH 18 ESH

0.36

0.35

O.08

O. 08

Significant changes in sample reflectance resulting from mercury-arc ultraviolet

exposure, as measured in situ, are summarized for selected wavelengths in Tables 18

through 31, for all sample types tested and represented by Figures 22 through 37.

Whereas control samples (shielded from the electromagnetic radiation but

otherwise in sltu) of most sample types show high stability as testing proceeds, L1

and L2 controls themselves undergo large reflectance changes. The original air

cure of 24 hours for L1 and L2 is sufficient to account for this later instability

during testing. Thus, in Tables 21 through 31, reflectance changes for L1 and L2

are shown in two forms: for 135 ESH threugh 1130 ESH, (1) "as measured" in the

usual manner (relative to pre-irradiation values) and (2) with the control change at

the same ESH subtracted. For 18 ESH through 120 ESH (the second set of exposures,

conducted using control samples after the conclusion of the regular test at 1130 ESH),

the "as measured" entries are actually the sum of (a) the reflectance change measured

at 18, 53, and 120 ESH, and (b) the control change previously measured at 1130

ESH, since this change is that which the L1 and L2 controls "saw" prior to the

second set of short exposures. For 18 ESH through 120 ESH, the second form of

entries, "control change subtracted," is simply the reflectance change at 18, 53,

and 120 ESH, relative to the beginning of ultraviolet exposure on the controls.

Reflectance changes in Figures 29 and 30 include control changes.

Tables 28 through 31 show a similar pair of two forms of entries for sample

type Bat infrared wavelengths beyond 1700millimicrons. The difference between
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Table 18. Reflectance Changes at 250 Milllmicrons

Sample Type

Decrease (Increase) in Reflectance at 250 m/s
for Eight UV Exposures AR-- Ri -Rf (Percent)

18 53 120 135 250 490 770 1130
ESH ESH ESH ESH ESH ESH ESH ESH

I, leafing aluminum-silicone

J, vapor-deposited aluminum

K, polished a luminum

w
(3) 10 13 17 21 24

- 6 13 21 25 29

(I) 10 14 19 25 28

H, SiO 2 on polished aluminum

Alzak #26, 0.10-rail

Alzak #21, 0.29-mil

_ _ _ (21) (16) (II) - (7)

11 17 21 .....

_ _ _ 51 54 59 60 60

N, Kapton H-film - _ - 3 5 6 - 7

L1, TiO2-methyl silicone

L2, TiO2-methyl silicone

O, TiO2-methyl silicone

p, TiO2-methyl silicone

B, ZnO-methyl silicone (S-13)

M, ZnO-methyl silicone (S-13G) -

D3, AI203-K2SiO 3 11

F3, ZnO/AI20 3- K2SiO 3

Q, mixed ZnO and TiO2,

mixed silicone-si licate

Y (Pyromark), TiO 2-

methyl phenyl sl llcone 0

17

0 0 0 2 - 4

0 0 2 2 - 3

- - (2) (2) - (2)

- - (2) (2) - (I)

- (10) (10) (9) - (6)

- (3) (2) (2) - 0

25 41 46 51 - 58

- I I 2 _ 2

- 0 0 0 - 0

- 2 2 1 - 3
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Table 19. Reflectance Changes at 300 Milllmicrons

Sample Type

I, leafing a luminum-si llcone

J, vapor-deposited a lumlnum

K, polished aluminum

Decrease (Increase) in Reflectance at 300 m/s

for Eight UV Exposures AR = R. -Rf (Percent)!

18 53 120 135 250 490 770 1130
ESH ESH ESH ESH ESH ESH ESH ESH

D

E m

(3) 6 7 9 11 14

- 1 2 6 7 11

0 4 6 8 12 14

H, SiO 2 on polished aluminum

Alzak #26, 0.10-roll

Alzak #21, 0.29-mil

10 10 14 - 18

7 13 18 .....

- - - 55 61 66 69 70

N, Kapton H-film - - - 2 3 4 - 5

L 1, TiO2-methyl silicone

L2, TiO2-methyl silicone

O, TiO2-methyl silicone

P, TiO2-methyl silicone

B, ZnO-methyl silicone (S-13)

M, ZnO-methyl silicone (S-13G)

D3, A 1203-K2SIO 3

F3, ZnO/AI20 3- K2Si 0 3

Q, mixed ZnO and TiO2,

mixed sl llcone-si Iicate

Y (Pyromark), TiO 2-

methyl phenyl silicone

0

0

14 22 27

0

0 0 1 - 3

0 1 1 - 3

0 0 (2) - (2)

0 (I) (I) - (I)

(6) (6) (6) - (5)

(2) (I) (I) - (I)

47 52 58 - 65

1 1 2 - 2

0 0 0 - 0

I I I - 2
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Table 20. ReflectanceChangesat 360 Millimicrons

SampleType

I, leafing aluminum-slllcone

J, vapor-deposltedaluminum

K, polishedaluminum

H, SiO2 on polishedaluminum

Alzak//26, 0.10-mil

Alzak #21, 0.29-mil

N, KaptonH-film

L1, TiO2-methyl silicone

L2, TiO2-methyl sillcone

O, TiO2-methyl silicone

P, TiO2-methyl silicone

Decrease (Increase) in Reflectance at 360 mp

for Eight UV Exposures _R = R. -Rf (Percent)I

18 53

ESH ESH

120 135 250 490 770 1130

ESH ESH ESH ESH ESH ESH

(2) 3 4 5 6 11

- I I I 3 4

0 I 3 3 5 12

- - 5 7 10 13 14 15

4 8 11 .....

- - - 37 43 48 52 55

(])

0

B, ZnO-methyl silicone (S-13)

M, ZnO-methyl silicone (S-13G) -

D3, AI203- K2SiO 3 10

F3, ZnO/AI20 3- K2SIO 3

Q, mixed ZnO and TiO 2,

mixed si licone-silicate

Y (Pyromark), TiO 2-

methyl phenyl silicone

0

0

a

(2)

16

(2) (1) (1) (1) o o

0 (1) 1 1 - 1

0 0 3 0 - 2

- (1) (1) (1) (1) (2)

- 0 0 1 0 0

(3) (3) (4) (5) (3) (3)

- (1) (1) (1) 0 (1)

2 ] 35 40 47 51 54

0 1 1 1 1 1

- 0 0 0 0 0

0 0 1 1 1 0 - 5

68



D2-84118-9

Table 21. ReflectanceChangesat 425Millimicrons

SampleType

I, leafing aluminum-silicone

J, vapor-deposltedalumlnum

K, polishedaluminum

H, SiO2 on polishedaluminum

Alzak #26, 0.10-mll

Alzak #21, 0.29-mii

N, Kapton H-film

AS MEASURED:

L1, TiO2-methyl silicone

L2, TiO2-methyl silicone

O, TiO2-methyl silicone

P, TiO2-methyl silicone

B, ZnO-methyl silicone (S-13)

M, ZnO-methyl silicone (S-13G)

D3, AI203-K2SiO3

F3, ZnO/AI20 3- K2SiO3

Q, mixed ZnO and TiO2,
silicone-si llcate

Y (Pyromark),TiO2-
methyl phenyl silicone

mixed

LESSCONTROL CHANGE:

Decrease(Increase)in Reflectanceat 425 m/l
for EightUV Exposures_R = R.,-Rf

18 53 120
ESH ESH ESH

- - 4

2 4 5

- - (2)

135 250 490

ESH ESH ESH

1 1 2

1 1 1

0 0 1

6 8 10

20 27 32

(2) (2) (2)

(Percent)

770 1130

ESH ESH

3 4

- 2

- 2

11 12

35 38

(2) (2)

7

7

m

i

m

7

m

8 10

10 12

m

l

1 2

12 16

- 8

I m

12 14

14 18

5 8

5 6

5 8

10 14

27 31

13 18

2 4

17 - 20

23 - 29

14 19 25

7 8 10

14 20 26

19 23 25

37 42 45

23 27 30

7 10 12

38 50 57 58 60 64 - 67

LI 4 5 6 10 12 12 - 17

L2 5 7 10 13 17 20 - 27
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Table 22. ReflectanceChangesat 500 Millimicrons

SampleType

I, leafing aluminum-silicone

J, vapor-deposltedalumlnum

K, polishedaluminum

H, SiO2 on polishedaluminum

Alzak #26, 0.10-mll

Alzak #21, 0.29-mil

N, Kapton H-film

AS MEASURED:

L1, TiO2-methyl silicone

L2, TiO2-methyl silicone

O, TiO2-methyl silicone

P, TiO2-methyl sillcone

Decrease(Increase)in Reflectanceat 500 m/_
for EightUV Exposures

18 53 120
ESH ESH ESH

n B E

- - 2

1 2 2

- - (1)

10

10

m

B, ZnO-methyl silicone (S-13)

M, ZnO-methyl silicone(S-13G) -

D 3, AI203-K2SiO 3 5

F3, ZnO/AI203- K2SiO 3

Q, mixed ZnO and TiO2,

mixed silicone-si licate

Y (Pyromark), TiO 2-

methyl phenyl silicone

L
1

LESS CONTROL CHANGE:

A_R= R.I - Rf (Percent)

L2

12 13

12 14

1 1

9 12

- 5

135 250 490 770 1130

ESH ESH ESH ESH ESH

0 1 1 2 1

0 0 0 - 1

0 0 I - I

2 3 6 7 10

9 14 18 21 25

(2) (2) (2) j (2) (2)

14 14 16 - 18

15 17 20 - 22

2 3 7 10 14

2 2 3 5 6

2 4 7 11 14

5 8 10 11 14

17 22 26 30 33

9 12 16 18 20

2 3 5 6 7

18 30 38 39 44 49 - 55

5 6 8 11 11 10

7 9 11 14 16 18

13

2O
I
i

7O



Table 23.

SampleType

I, leafing aluminum-silicone

J, vapor-deposited alumlnum

K, polished aluminum

H, SiO 2 on polished aluminum

Alzak #26, 0.10-mll

Alzak #21, 0.29-mii

N, Kapton H-film

AS MEASURED:

L1, TiO2-methyl silicone

L2, TiO2-methyl sillcone

O, TiO2-methyl silicone

P, TiO2-methyl silicone

B, ZnO-methyl silicone (S-13)

M, ZnO-methyl silicone (S-13G)

D3, AI203-K2SiO 3

F3, ZnO/AI20 3- K2SiO 3

Q_ mixed ZnO and TiO2,

mixed sllicone- sl licate

Y (Pyromark), TiO 2-

methyl phenyl silicone

LESS CONTROL CHANGE:

L1

L2

D2-84118-9

Reflectance Changes at 590 Mi Ilimicrons

Decrease (Increase) in Reflectance at 590 m#

for Eight UV Exposures AR = R. -Rf (Percent)I

18 53 120 135 250 490 770 1130

ESH ESH ESH ESH ESH ESH ESH ESH

- - - 0 0 0 1 0

- - - 0 0 0 - 0

- - - 0 0 0 - 0

- - 1 2 4 4 4 6

I I I .....

- - - 7 8 10 ]5 15

- - 3 4 6 8 10 13

13 16 18 18 19 20 - 21

14 16 18 18 20 21 - 22

- - - I 2 4 5 7

- - - I 2 3 3 4

- I I 2 2 3 6 6

- - - 2 3 4 6 6

4 6 9 10 15 19 20 25

- - 4 7 9 11 12 14

- - - 2 2 3 4 4

8 13 19 20 26 30 - 37

7 9 11 13 15 13

9 11 13 16 17 18

14

18
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Table 24.

Sample Type

, leafing a luminum-sl llcone

J, vapor-deposited a lumlnum

K, polished aluminum

H, SiO 2 on polished aluminum

Alzak #26, 0.10-mll

Alzak #21, 0.29-mii

N, Kapton H-film

D2-84118-9

Reflectance Changes at 950 Millimlcrons

Decrease (Increase) in Reflectance at 950 m/s

for Eight UV Exposures AR = R. - Rf (Percent)I

18 53 120 135 250 490 770 1130

ESH ESH ESH ESH ESH ESH ESH ESH

- - - (1) 0 1 - 0

- - - (I) 1 1 - 1

- - - (I) 1 I - 0

- - - 0 2 3 2 4

1 1 0 .....

- - - 0 I 2 - 3

- - - 0 2 2 2 3

AS MEASURED:

L1, TiO2-methyl silicone 18

L2, TiO2-methyl silicone 19

O, TiO2-methyl silicone

P, TiO2-methyl silicone

B, ZnO-methyl silicone (S-13) 2

M, ZnO-methyl silicone (S-13G) -

D 3, AI203-K2SiO 3

F3, ZnO/Al203- K2SiO 3

Q, mixed ZnO and TiO2,

mixed si licone-si licafe

Y (Pyromark), TiO 2-

methyl phenyl silicone

LESS CONTROL CHANGE:

L 1

L2

21 22 22 25 26 - 27

22 24 25 26 28 - 28

- - 1 2 2 3 3

- - 2 2 3 3 3

3 3 4 5 5 - 7

- - 0 i 1 1 1

(I) 0 (I) 2 3 - 4

- - 3 5 5 - 6

- - I I 2 3 3

3 4 5 5 7 9 - 11

8 11 13 17 18 17 - 17

12 14 17 21 22 24 - 20
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Table 25.

Sample Type

I, leafing aluminum-sillcone

J, vapor-deposited aluminum

K, polished aluminum

H, SiO 2 on polished aluminum

Alzak//26, 0.10-mll

Alzak #21, 0.29-mil

N, Kapton H-film

AS MEASURED:

L1, TiO2-methyl silicone

L2, TiO2-methyl silicone

O, TiO2-methyl silicone

P, TiO2-methyl silicone

B, ZnO-methyl silicone (S-13)

M, ZnO-methyl silicone (S-13G)

D 3, AI20 3-K2SiO 3

F3, ZnO/AI203- K2SiO 3

Qt mixed ZnO and TiO2,

mixed si licone-silicate

Y (Pyromark), TiO 2-

methyl phenyl silicone

LESS CONTROL CHANGE:

L1

L2

D2-84118-9

Reflectance Changes at 1200 Mill|microns

Decrease (Increase) in Reflectance at 1200 mp

for Eight UV Exposures AR = R. -Rf (Percent)I

18 53 120 135 250 490 770 1130

ESH ESH ESH ESH ESH ESH ESH ESH

- - - (I) 0 I - I

- - - (1) 1 I - I

- - - (I) I I - 0

- - - (I) I 2 I 2

I I (1) .....

- - - 0 1 2 2 2

- - - (1) 1 2 2 2

23

24

4

0

26 28

27 29

5 6

m

(1) (1)

3 3 3

28 30

30 32

1 2

1 2

7 9

1 2

0 1

3 4

4 4

30 - 32

33 - 34

2 2 3

2 2 2

10 - 11

2 2 2

1 - 2

5 - 5

1 2 2

5 - 6

I0

14

13

17

15

19

21

26

21

27

20 - 19

27 - 24
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Table 26. ReflectanceChangesat 1550Millimicrons

SampleType

I, leafing aluminum-silicone

J, vapor-depositedaluminum

K, polishedaluminum

H, SiO2 onpolishedaluminum

Alzak #26, 0.10-mil

Alzak #21, 0.29-mil

N, Kapton H-film

AS MEASURED:

L1, TiO2-methyl silicone

L2, TiO2-methyl silicone

O, TiO2-methyl sillcone

P, TiO2-methyl silicone

B, ZnO-methyl silicone (S-13)

M, ZnO-methyl silicone (S-13G)

D3, AI203-K2SIO 3

F3, ZnO/AI20 3- K2SiO 3

Q, mixed ZnO and TiO2,

mixed si Iicone-sl llcate

Y (Pyromark), TiO 2-

methyl phenyl silicone

LESS CONTROL CHANGE:

L1

L2

Decrease (Increase) in Reflectance at 1550 m#
for Eight UV Exposures

18 53 120 135

ESH ESH ESH ESH

- - - (I)

- - - (1)

- - - (I)

- - - (2)

1 0 (1) _

- - - (1)

&R = R. -RF (Percent)
I

250 490 770 1130
ESH ESH ESH ESH

0 1 - 1

1 1 - 1

1 1 - 1

1 1 0 1

I 2 - 2

I I 0 I

27 31 32 32 35 36 - 38

28 32 33 35 37 39 - 40

- - - 1 ! 1 1 1

- - - 1 1 1 1 1

8 11 13 15 17 19 - 21

- - - 3 4 4 4 4

0 (1) (1) (1) 0 0 - (1)

- - - 2 3 4 - 4

- - - 1 I I 1 2

I 2 2 2 3 3 - 4

11 15 16 23 24 24 - 22

17 21 22 30 30 32 - 29
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Table27. ReflectanceChangesat 1700Milllmicrons

SampleType

Alzak #26, 0.10-mil

Alzak #21, 0.29-mil

N, Kapton H-film

AS MEASURED:

Decrease(Increase)in Reflectanceat 1700mp
for EightUV ExposuresAR = R.i -Rf (Percent)

18 53 120

ESH ESH ESH

I I (I)

135 250 490 770 1130

ESH ESH ESH ESH ESH

0 I I 0 I

(2) 2 2 (I) I

L 1, TiO2-methyl silicone 22 25 26 26 29 31 - 31

L2, TiO2-methyl silicone 23 26 29 28 30 33 - 33

O, TiO2-methyl silicone 0 1 1 1 1

P, TiO2-methyl silicone 0 0 1 0 0

B, ZnO-methyl silicone (S-13) 7

M, ZnO-methyl silicone (S-13G) -

D 3, AI203-K2SiO 3 (I)

9 10 11 14 16 - 17

- - 2 4 3 3 3

(I) (I) (I) (I) 0 - 0

Q, mixed ZnO and TiO2,

mixed si licone-si licate

Pyromark, TiO 2- methyl

phenyl si Iicone

1 1 1 1 1

1 1 1 2 3 3 - 3

LESS CONTROL CHANGE:

L1

L2

10 12 14 .... 19

14 17 19 .... 23
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Table 28.

SampleType

Alzak #26, 0ol0-mll

Alzak #21, 0.29-mli

N, KaptonH-film

AS MEASURED:

L1, TiO2-methyl silicone

L2, TiO2-methyl silicone

O, TiO2-methyl silicone

P, TiO2-methyl silicone

B, ZnO-methyl silicons (S-13)

M, ZnO-methyl silicone (S-13G)

D3, A1203- K2S|O3

Q, mixed ZnO and T|O2,
mixed silicone-silicate

Pyromark,TiO2 - methyl

phenyl sllicone

D2-84118-9

ReflectanceChangesat 1900Millimicrons

Decrease(Increase)in Reflectanceat 1900mu
for Eight UV Exposures &R -- R. -Rf (Percent)I

18 53

ESH ESH

120 135 250 490 770 1130

ESH ESH ESH ESH ESH ESH

(2) .....

- 5 1 1 0 1

- (2) 2 2 (I) I

31 35 37 37 39 42 - 45

33 36 39 41 43 45 - 46

- - - 0 0 I (I) (I)

- - - 0 I 0 0 I

18 22 25 25 28 31 - 35

- - - 5 6 6 4 4

0 (I) (2) (I) (I) 0 - 0

- o o o (1) (1)

1 1 1 2 2 3 - 3

LESS CONTROL CHANGE:

L1 13 17 19 .... 27

L2 20 24 26 .... 33

B 14 18 21 25 27 29 - 31
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Table 29.

SampleType

I, leafing alumlnum-s| Iicone

J, vapor-deposlted aluminum

K, polished aluminum

H, SiO 2 on polished aluminum

Alzak//26, 0.10-mil

Alzak//21, 0.29-mii

N, Kapton H-film

AS MEASURED:

L1, TiO2-methyl sillcone

L2, TiO2-methyl sillcone

O, TiO2-methyl silicone

P, TiO2-methyl silicone

D2-84118-9

Reflectance Changes at 2100 Milllmlcrons

Decrease (Increase) in Reflectance at 2100 m#

for Eight UV Exposures AR = R.. -Rf (Percent)

18 53 120 135 250 490 770 1130
ESH ESH ESH ESH ESH ESH ESH ESH

- - - (2) 1 1 - 1

- - - (2) I 2 - I

- - - (I) 2 2 - 0

- - - (4) I I (I) 2

I 0 (2) .....

- - - (I) I I - I

- - - (2) 2 2 0 I

30 34 37

31 35 39

B, ZnO-methyl silicone (S-13) 21 27 30

M, ZnO-methyl silicone (S-13G) _ _ _

D 3' AI203-K2SiO 3 (1) (1) (1)

F3, ZnO/AI203-K2SiO 3 _ _ _

Q, mixed ZnO and TiO2,

mixed sl licone-sl licate

Y (Pyromark), TiO 2-

methyl phenyl si llcone

35 38 41 - 42

40 42 44 - 46

0 I I I I

0 0 I I I

30 34 37 - 4O

6 8 8 7 6

(I) (I) (I) - 0

I I 2 - 2

0 0 0 0 0

0 0 0 1 1 1 - 2

LESS CONTROL CHANGE:

L1 13 17 19 26 25 27

L2 19 23 27 34 35 33

B 17 22 25 30 33 34

25

34

36
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Table 30. ReflectanceChangesat 2300 Millimlcrons

SampleType

Alzak #26, 0ol0-mil

Alzak #21, 0.29-mii
N, Kapton H-film

AS MEASURED:

L1, TiO2-methyl silicone

L2, TiO2-methyl silicone

O, TiO2-methyl silicone

P, TiO2-methyl sillcone

B, ZnO-methyl silicone (S-13)

M, ZnO-methyl silicone (S-13G)

D3, A1203-K2SIO3

Q, mixed ZnO and TiO2,
mixed silicone-si licate

Pyromark,TiO2 - methyl
phenyl silicone

LESSCONTROLCHANGE:

L1

L2

B

Decrease (Increase) in Reflectance at 2300 mu

for Eight UV Exposures _R = R. -Rf (Percent)!

14

m

(2)

14

4

(I) (1) (1)

0 0

1 3
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Table 31.

D2-84118-9

Reflectance Changes at 2500 Milllmlcrons

Sample Type

I, leafing a lumlnum-si licone

J, vapor-deposited aluminum

K, polished aluminum

H, SiO 2 on polished aluminum

Alzak #26, 0.10-mil

Alzak #21, 0.29-mii

N, Kapton H-film

AS MEASURED:

L 1, TiO2-methyl si licone

L2, TiO2-methyl silicone

O, TiO2-methyl silicone

P, TiO2-methyl silicone

B, ZnO-methyl silicone (S-13)

M, ZnO-methyl silicone (S-13G)

D3, AI203-K2SiO 3

F3, ZnO/AI20 3- K2SiO 3

Q, mixed ZnO and TiO2,

mixed si licone-si llcate

Pyromark, TiO 2 - methyl

phenyl sl llcone

Decrease (Increase) in Reflectance at 2500 m

for Eight UV Exposures &R = R. -Rf (Percent)!

18 53 120 250 490 770!1130

ESH ESH ESH ESH ESH ESH ESH

- - - 1 2 - 1

- - - 3 3 - 3

- - - 2 2 - 2

- - - 1 3 0 2

1 0 (3) ....

- - - 1 1 - 1

- - - 3 3 0 1

22 26 28

23 27 30

13 17 19

(1) (2) (2)

135

ESH

(2)

(3)

(2)

(4)

w

(1)

(2)

27

31

1

0

19

5

(1)

1

0

29 32 - 32

32 35 - 34

1 1 1 1

0 0 0 1

23 24 - 24

6 5 5 4

(1) (1) - (2)

1 1 - 1

0 0 (1) 0

o o (1) o o 1 - 1

LESS CONTROL CHANGE:

L 1 10 13 15 21 18 22 - 20

L2 14 18 21 27 27 28 - 25

B 12 15 17 19 22 22 - 22
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entries in this case again is equal to a reflectance change in the type B control in

the infrared, which occurred as exposure of the test sample progressed. The primer

for type B evidently received only one hour of air drying.

The CRETC was backfilled with dry air at the conclusion of the ultraviolet

exposures. Several types of coatings were measured during the backfilling, and

over a period of six days following it. A complete set of post-irradiation, in-alr

reflectance measurements was then made on all types of samples some seven days

after backfilling, a sufficient time to expect in-alr recovery to have stabilized.

Backfilling the CRETC with dry air was accomplished in stages, to determine

the effectsofa partial atmosphere upon sample recovery. The backfill schedule

and levels of pressure used are listed in Tables 32 and 33.

Table 32. Schedule of Chamber Backfill Following Ultraviolet Tests

Pressure Level Reached Time After Start of Chamber Backfill

351.1

42p

67u

1751j

350 

430p

y50 

0 minutes

13

26

42

52

84

97

The chamber pressure was maintained at 750/_ for 18 hours, whereupon the

backfill schedule given in Table 33 was begun.

At this point (54.1 hours since the start of backfill) a second cycling of pump-

down and backfill with room air was done, with the chamber being held at 10-4

torr between about 57 and 78 hours after the first backfill. Beyond the 78-hour

point, the chamber was at one atmosphere.

8O
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Table 33. Scheduleof ChamberBackfill Following Ultraviolet Tests

PressureLevel Held TimeAfter Start of ChamberBackfill

10mmHg from 19.7 to 22.9 hours

138mmHg from23.0 to 24.0 hours

225 mmHg from 24.0 to 24.2 hours

427 mmHg from 24.3 to 24.6 hours

595 mmHg from 24.6 to 24.8 hours

760 mmHg ] from24.8 to 54.1 hours

This sequence of events was prompted by data being obtained hour by hour

from measurements at the various partial atmospheric pressures. Sample types B,

D3, M, Pyromark, and Alzak were monitored to determine reflectance changes

during the first six days following backfill with dry air. In general, recovery

toward reflectance values obtained before the ultraviolet exposures began was

found to be much slower than recovery following exposures to 50-keV electrons.

In addition, reflectance changes were found to be small during the period of time

when the chamber was at partial atmospheric pressures. An exception to the slow

recovery was the nearly complete recovery of type B (9 mils of S-13) in the infrared

region before the first measurement was taken.

In contrast to B, type M (which is 10-12 mils of S-13G, and which had under-

gone only small changes in the infrared due to exposure) exhibited little recovery,

even after seven days. In the visible region, M showed no recovery and B underwent

only slow, partial recovery. Reflectance change data for B during recovery is shown

in Figure 38 as a function of time and in Figure 39 as a function of wavelength.

The slight recovery of Pyromark was nearly complete when the first post-

irradiation in-air measurements at one atmosphere pressure were taken, as Figure 40

indicates. Figure 41 shows that some recovery took place at virtually all wave-

lengths measured. The largest reflectance gains following reexposure to air are

seen to be in the near infrared.
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Alzak (specimen #21, 0.29-mil) exhibited overall recovery which was greatest

at the longer wavelengths. Figure 42 indicates the fact that reflectance recovered

to values exceeding initial pre-exposure levels at wavelengths greater than about

one micron. Figure 43 shows that recovery was rapid for wavelengths less than

1.55 microns and became progressively slower at longer wavelengths.

Type D 3 (aluminum oxidempotassium silicate) exhibited very little recovery,

as Figure 44 indicates. Reflectance even decreased at wavelengths longer than

about 0.9 micron.

The remaining eleven types of samples were measured for reflectance some

seven days after backfill, to determine the extent of in-air recovery.

Type F3 (zinc oxide/aluminum oxidempotassium silicate) underwent partial

recovery in the visible and near infrared wavelength regions, but beyond 1.7 microns

had small reflectance losses in air, as shown in Figure 45.

Type Q (a mixture of zinc oxide and titanium dioxide pigments in a mixed

silicone-silicate vehicle), which had increased reflectance in going from air to

vacuum before irradiation, and then had seen only small reflectance losses due to

UV exposure, exhibited no recovery upon re-exposure to air, and even degraded

further in the infrared beyond about 1.8 microns, to preirradiation, in-air reflectance

va JU es.

Types 11 and L2 (titanium dioxide_methyJ silicone) recovered part of their

large reflectance losses when re-exposed to air, as Figure 46 indicates.

Types O and P (also titanium dioxlde--methyl silicone) exhibited only small

reflectance changes during recovery. A partial recovery took place in the visible

region, and a slight reflectance loss occurred in the 2-mlcron wavelength region.

Kapton H-film (type N) remained essentially unchanged in air in the wave-

length region between 240 and 340 m/_ . Partial recovery was seen in the visible

region, and in-air reflectance values equal to or greater than preirradiation values

in situ were established in the infrared region, as Figure 47 indicates.
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Type H (Si02 on polished aluminum) showed some reflectance improvement

across most of the wavelength region measured. In-air reflectance values exceeded

pre-irradiation values in the infrared wavelength region.

Type I (leafing aluminum in phenylated silicone) exhibited only small changes

during recovery. Beyond one micron, though, such changes as occurred resulted

in reflectance greater than both post-exposure and pre-exposure in vacuum.

Type J (aluminum vapor-deposited on a lacquered substrate) and type K (buffed

aluminum) showed little recovery in the ultraviolet and visible wavelength regions.

As with type I, recovery in the infrared increased the reflectance of types J

(Figure 48) and K to values greater than those measured in vacuum, either before

or after exposure.

2.3.2 Ultraviolet Source Comparison Using Xenon-Arc Lamps

Separate tests to determine the degradation in selected coatings due to con-

tinuum ultraviolet from long-arc xenon lamps have been conducted, and the results

compared with data from line-emitting, low-pressure, mercury-arc sources (Section

2.3.1). Both types of sources were water-cooled in jackets, for attenuation of

infrared output energy. Using the CRETC in situ spectral ultraviolet source monitor,

the low-pressure mercury arc has been found not to have excessive line emission
o

relative to the sun at 2537A. Indeed, using the in situ spectral monitor it has been

possible to ascertain that low-pressure UA-11 mercury-arc sources emit energy in

a fairly orderly series of spectral lines (Figure 6).

The in situ spectral monitor has also been used to determine the spectral output

of the long-arc xenon sources. Figure 49 indicates the output relative to that of

the sun between 0.25 and 0.70 microns. The xenon curve has been corrected for

variations in the sensitivity function of the RCA 7200 far UV photomultiplier

across the same wavelength region. The use of far UV silica for lenses and

magnesium-fluorlde-overcoated flrst-surface aluminum for mirrors would not be

expected to attenuate various wavelengths between 0.25 and 0.70 microns

selectively. Therefore, the curve has not been corrected for variations (with
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respect to wavelength) of transmittance of lenses, or reflectance of mirrors along
O

the monitodsoptical train (Figure 5). The strong output ofa Penray lamp at 2537A

has been used to ascertain that the in situ monitor's optical train transmits energy

in that wavelength region. Original energy-mode DK-2A charts also show xenon
O

lamp spectral energy to 1650 A.

The tests comparing the relative effectiveness of mercury and xenon sources

were each conducted with a higher-than-one-sun rate in the ultraviolet wavelength

region between 0.2 and 0.4 micron. Different specimens of selected types of

coatings (anataseTiO2in methyl silicone, ZnO in methyl silicone (S-13), and

AI20 3 in potassium silicate) received equivalent ultraviolet sun hour exposures

from each type of source.

In the case of anatase--silicone (type L1) , the xenon-arc source is relatively

more effective in producing degradation of reflectance Below 1.9 microns wave-

length. As shown in Figure 50, a 50 ESH exposure from the xenon source causes

greater decrease in reflectance than 120 ESH from the mercury source, in the

visible and near infrared. Beyond 1.9 microns the two sources of ultravlolet-rlch

electromagnetic radiation are about equally effective, at least for exposures of

about 50 ESH.

In type B coating (S-13), as Figure 51 indicates, the xenon source after 85 ESH

causes as much or more damage than 135 ESH from UA series mercury-arc lamps,

at nearly all wavelengths of interest. Only between 0.4 and 0.5 micron does

damage build up to greater values from the 135 ESH mercury exposure.

Reflectance degradation in aluminum oxidenpotasslum silicate (type D3) is

seen from Figure 52 to proceed at comparable rates from both types of ultraviolet

sources. Also, the spectral character of the buildup of damage is observed to be

substantially the same for both types of sources.

The data presented in Figures 50, 51, and 52 confirm that UA series mercury-

arc lamps do not produce excessively severe degradation, as has Been charged to

high-pressure mercury-arc sources such as AH-6and BH-6 lamps. The data also
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points out the shortcomings resulting from using on an unweighted basis (1) the

0.2- to 0.4-micron wavelength region, and (2) the relative emitted radiant flux

in the ultraviolet, visible, and infrared wavelength regions, for determining

equivalent space sun exposure rates.

The effects observed from in situ reflectance measurement following exposure

using the xenon-arc source have also been determined for relatively low ESH

values in the following types of coatings: typeR (Figure 53), typeM (Figure 54),

type E3 (Figures 55 and 56), type F3 (Figure 57), type K (Figure 58), and type Y

(Figure 59). In typeY (Pyromark), the spectral character and rate of buildup of

reflectance damage is seen from a comparison of Figures 59 and 37 to differ

markedly for the two cases of exposure to mercury and xenon ultraviolet sources.

2.4 COMBINED ELECTRON-ULTRAVIOLET RADIATION EXPOSURES

Building on results obtained from separate electron and ultraviolet irradiations,

selected coating types were exposed to the combined influence of simultaneous and

sequenced electron and ultraviolet radiation. Significant differences in sample

damage were observed during a series of exposures that saw as the test variable

the sequence in which electrons and ultraviolet irradiated the coatings.

Table 34 shows spectral reflectance changes in S-13 (zinc oxidewmethyl

silicone) after four types of exposure: ultraviolet only, electrons only, ultra-

violet followed by electron, and simultaneous ultraviolet and electron exposure.

All ultraviolet exposures were 18 ESH and all electron exposures were 5 x 1014

electrons/cm 2. Samples receiving sequential exposure remained in situ between

exposures. All reflectance measurements were made in situ. Deviations from the

arithmetic sum of reflectance changes due to separate exposures demonstrate the

presence ofnonadditivesynergistlc effects during combined exposures. Note that

initial ultraviolet exposure preconditions S-13 so that later electron exposure

leaves it less degraded in reflectance (due to both exposures) than an electron-

only exposure does.
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Table 34. Decrease in Reflectance in S-13 (Type B)

Measu red After

Exposure to:

UV on ly

Electrons only

ARITHMETIC

SUM OF ABOVE

_R = R. - Rf (%) at Selected Wavelengths0

425mp 590mp 950mp 1,200m_ 1,550mp 2,100mp 2,500mp

1 1 3 6 10 22 14

0 2 6 11 2O 37 26

1 3 9 17 30 59 40

Consecutive

exposure to
UV, then to
electrons

Simu Itaneous

UV-electron

exposu re

0 2

7 12

15

24

3O

43

19

3O

Table 35. Decrease in Reflectance in TiO2mMethylPhenyl Silicone (TypeY)

Measu red
After

Exposure to:

UV only

Electrons on ly

R = R.i - Rf (%) at Selected Wavelengths

425 m p

36

500 mp

17

10

590 mp

12

950 mp

4

18

1,200 mp

19

1,550 mp

2

17

2,100 mp

12

2,500 mp

2

ARITHMETIC
SUM OF ABOVE

45 27 20 22 22 19 14 8

Consecutive

exposu re to
UV then to

electrons

Simu Itaneous
UV-electron

exposu re

36

4O

19

22 15 I

5

16 16 14 13 6
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Table 35 gives similar results for TiO2--methyl phenyl silicone (type Y).

Reflectance changes from combined exposures are again less than additive, with

consecutive exposure (to ultraviolet followed by electrons) causing significantly

less damage than simultaneous exposure. Note that over much of the wavelength

reg ion measured, simu Itaneous exposu re resu Its in less degradation than electron-

only exposure.

The ordering of combined-envlronment exposures significantly affects measured

reflectance changes in other ways as well. The influence of sample exposure to

ultraviolet radiation following exposure to electron radiation is seen from data in

Figures 60, 61, and 62. MixedZnO/TiO2--silicone/silicate (typeQ), and

AI203--potassium silicate (type D), recover part of their electron-lnduced reflec-

tance losses when exposed later to ultraviolet-rich electromagnetic radiation.

Figures 60 and 61 indicate the extent of reflectance recovery, which in type Q

occurs across the entire wavelength region measured, and which in type D happens

at wavelengths greater than 480millimicrons. Both figures show reflectance

measured in situ before exposure. The other curves result from exposure to 5 x 1014

electrons/cm 2, and exposure to 18 ESH ultravic!et radiation following the electron

ex posu re.

S-13 exposed to this same sequence of exposures (electrons, then ultraviolet)

does not recover (Figure 62). However, the 18 ESH of ultraviolet exposure has

little additional effect on S-13 reflectance beyond the losses already sustained due

to electron exposure.

The extent of degradation also appears to depend on the ratio of exposure rates

of electron and ultraviolet radiation. Selected coatings have been exposed to 18

ESH ata4.4ultravlolet-sun rate (total exposure time 4.1 hours). Simultaneously,

the samples received a fluence of 5 x 1014 electrons/cm 2, programmed so that

about 90% occurred during the first hour of ultraviolet exposure, and the remaining

10% during the final 3.1 hours of ultraviolet exposure. Measurements were made

after the first hour (see "partial exposure" curves in Figures 63, 64, and 65). Based
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on reflectance measurementsmadeat the end of the completeexposure(4.1 hours),

there is evidenceof reflectance recovery in all three coatingstested, S-13, mixed

ZnO/TiO2--silicone/silicate, and AI203--potassium silicate.

2.5 PROTONEFFECTSSURVEY

A surveyof the reflectance-degrading effects of 20-keV protonswascon-

ducted onseventypesof thermal control coatings--three diffuse coatingsand

four specularsurfaces--all currently being developedor consideredfor use, or

in use in spacethermal control applications.

All four typesof specularsurfaces(types G, H, J, and K) were found to be

resistantto changesin reflectance from20-keV protons. Only small changesin

spectral reflectancewere observed,even after exposureto 1017protons/cm2, and

all specimensretaineda high degreeofspecularity. Twowhite coatings tested

/Pyromarkand S-13G) sustainedseveredegradationof reflectance after exposure

to 1016protons/cm2. However, thresholdfor damagewas in the 1014protons/cm2

range, and evenat 1015protons/cm2 the reflectance degradationwasmoderate.

The buildup of damage, and the extent of reflectance recovery in air following

exposure and in situ measurements, are shown in Figures 66 and 67. Note from

the figures the contrasting spectral character of the measured damage in Pyromark

and S-13G.

The third diffuse coating, leafing aluminum in phenylated silicone, like the

specular surfaces was hard to 20-keV protons. Even at a fluence of 1017 protons/
2

cm , in sit.___.ureflectance losses were moderate, and were confined to wavelengths

shorter than 0.7micron. On the other hand, reflectance as measured in situ

increased at wavelengths longer than 0.7 micron, as shown in Figure 68. Thusa

determination of solar absorptance would show little change due to proton exposure.

2.6 PHYSICAL CHANGES DUE TO RADIATION EXPOSURE

Significant changes were observed in the physical properties of many specimens

when they were removed from the chamber after exposure and in situ measurement

of reflectance. Many of the samples exposed to 8 x 1015 electrons/cm 2 exhibited
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a discernible graying as a result of exposure. Certain Pyromark, type M (S-13G),

and type O samples exposed to ultraviolet radiation or to protons acquired a yellow

or yellow-brown cast. One type O specimen, exposed to apprcximately 1015

protons/cm 2 in a dosimetry array, upon examination was found to have a crazed

appearance. This specimen has been examined by optical and electron microscopy

with the following results:

Crazing begins and ceases abruptly at boundaries between exposed and pro-

tected areas (Figure 69). (As used here, "protected" refers to the annular-shaped

rim around the edge of each mounted sample.)

Occasional craze patterns appear to merge, diffuse, or blend with the

uncrazed surface; examples are seen at center left and right in Figure 70. This

blending occurs at the locations of various agglomerated particles.

The agglomerates are evident also in unexposed areas of this specimen, which

was tested in vacuum (Figure 69), and in another type O sample neither pumped

down to vacuum nor tested (Figure 71). As shown in this document, Figures 69,

70, and 71 are all magnified 225 times the size of the type O sample.

To study the exposed type O sample by electron microscope, a polyvlnyl

alcohol replica was taken from a portion of the specimen covering both areas

that were exposed to protons, and areas that were unexposed. The replica was

shadowed with vapor-deposited germanium at an angle of 25 ° , then backed with

a vapor-deposlted layer of carbon, deposited normal to the surface. A section

of the replica comprised of approximately 50% exposed and 50% unexposed

areas was cut out and placed in distilled water to dissolve the polyvinyl

alcohol. The replica was then picked up on a copper grid having 75 x 300-micron

openings. After drying, the grid was placed in the electron microscope for

viewing.

Four electron micrographswere taken of the replica. Figure 72 shows the

boundary between the exposed and unexposed areas, at 6,750X. Extensive micro-

pitting can be seen in the exposed region, which is the upper portion of Figure 72.
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Figure 69. 225X Bright-Field Photomicrograph of Type 0 Sample Exposed to 
20-keV Protons, Showing Boundary Between Exposed and Protected 
Regions, and Crazing in Exposed Region. 
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FIgure 70. Patterns of Surface Crazing in Exposed Region of an 0 Type 
Sample, Including Blending of Craze Marks Wlth the Surface 
at Locations of Agglomerated Particles. 
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Figure 71. 225X Photomicrograph Showing Agglomerated Particles in a 
Sample of Coating Type 0. This Sample was Neither Subjected 
to Vacuum nor Exposed to Radiation. 
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Figure 72. 6,750X Electron Micrograph of Both Proton-Exposed and 
Unexposed Regions of a Type 0 Sample 
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The size of the micro-pits is seen to be on the order of 0.1 micron (approximately
O

1000A). In Figure 72 there is evldence of greater hardness against pitting, in

the area of the surface occupied by the 10-mlcron agglomerate particle. In fact,

the appearance of this area is strikingly like the appearance of the unexposed

area (lower portion of Figure 72).

Figure 73 establishes the shadowing direction as being from left to right.

Since the polyvinyl alcohol replica is a negative impression of the original

titanium dloxidemmethyl silicone surface, this determination of the direction of

shadowing indicates that the crazing marks are depressions in the surface of the

typeO sample, rather than elevations above the surface. Figure 73 shows also

the contrasting pitting characteristics of the majority of the surface area, and of

the agglomerate at center left.

Figures 74 and 75 explore further detail of the depressed craze marks. Easily

seen is the fine structure within each depression. Figure 74 also showsa character-

istic appearance noted in this surface at locations where a depression meets an

agglomerated particle. Figure 75 includes an intersection of two depressions and

the consequent overlapping of fine structural characteristics.
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Figure 73. 6,750X Electron Micrograph Establishing the Shadowing 
Direction in a Proton-Exposed Type 0 Coating, Including 
a Crazing Depression. 
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Figure 74. 6750X Electron Micrograph of a Portion of Proton-Exposed 
Type 0 Coating, Including an Intersection of a Craze Depression 
With an Agglomerate Particle. 
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Figure 75. 6750X Electron Micrograph of a Portion of Proton-Exposed 
Type 0 Coating, Including the Intersection of Two Craze 
Depressions. 
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3.0 NEWTECHNOLOGY

The researchperformedon this contract hasbeenreviewed for the purposeof

uncoveringpotential reportable New Technologyitems. The review activities have

consideredboth the resultsof each test in turn, and the correlation of thoseresults

to determine the overall performanceof each thermalcontrol coating. To the best

of our knowledge, there is no New Technologyto report.
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4.0 CONCLUSIONS AND RECOMMENDATIONS

4.1 CONCLUSIONS

From the electron exposure tests we conclude that:

(1) The specular surfaces tested and the type I diffuse coating tested are

relatively "hard" to reflectance degradation under 50-keV electron

exposure.

(2) Excepting type I, the diffuse coatings or paints tested are subject to severe,

in-alr recoverable degradation in the infrared wavelength region, and to

substantial visible-region reflectance losses which are less recoverable or

"bleachable" upon re-exposure of test samples to air.

(3) Coatings employing methyl silicone binders sustain the greatest degree of

reflectance degradation in the infrared wavelength region. Coatings using

potassium silicate binders suffer the largest electron-lnduced reflectance

losses in the visible region.

(4) Over the wide range of fluxes and fluences used (4 x 108 to 1.7 x 1012

2 1013 1015 2electrons/cm /sec, and to 8 x electrons/cm ) no irradiation

rate effects from 50--keV electrons are evident from in situ measurements

of hemispherical spectral reflectance obtained with an integrating sphere

reflectometer. Thus, to an acceleration factor of 103 or so, laboratory

exposures of the tested coatings to 50-keV electrons at rates greater than

those in space are valid.

From the "ultraviolet" exposure tests we conclude that:

(5) The specular surfaces and type I are resistant to reflectance change in the

infrared wavelength region, but undergo substantial, permanent reflectance

losses in the visible and ultraviolet wavelength regions.

(6) The diffuse coatings tested are subject to reflectance degradation over much

or all of the measured 0.24- to 2.5-mlcron wavelength region.
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(7) Damage thresholds and rates of damage buildup vary widely among the

classes and types of coatings tested. Within their class, titanium dioxide--

methyl silicone sample types show the widest variation in effects, of all

classes of samples tested. One Ti02-methyl silicone coating type was

the most resistant of the diffuse samples to reflectance changes.

(8) Upon re-exposure to air following exposure to ultraviolet-rich electro-

magnetic radiation, only a few types of tested coatings (B, F3, L, O, P,

and Y) recover fairly close to their respective preirradiation reflectance

values. In the majority of coatings exposed to ultraviolet, there is little

evidence of increased reflectance in air when compared to postlrradiation

in situ reflectance values.

(9) Separate tests show that UA-serles long-arc mercury, and Pek long-arc

xenon, ultraviolet sources are about equally effective for inducing

reflectance losses in selected thermal control coatings.

From the proton exposure test we conclude that:

(10) The specular surfaces and type I are quite resistant to reflectance changes

across the 0.24- to 2.5-micron wavelength region.

(11) S-13G and Pyromark exhibit severe reflectance losses in the visible wave-

length region. Only partial recovery of reflectance occurs in air.

From the combined electron-ultraviolet tests we conclude that:

(12) Reflectance changes resulting from coating exposure to a combined

electron-ultraviolet environment are less than additive, whether the

combined irradiation occurs simultaneously or sequentially.

(13) Increasing the ultraviolet-to-electron intensity ratio during an exposure,

or having ultraviolet exposure follow exposure to electrons causes partial

restoration of reflectance in some types of coatings. Exposure to ultra-

violet before electron exposure favorably preconditions come coatings to

resist later changes due to the presence of the electron flux. This suggests
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Fromthe

(14)

(15)

(16)

(17)

the possibility of pre-exposingproperly configured thermal control

coatingson the ground, in order to obtain reduced degradation later in

space.

overall testing program we conclude that:

Optimum formulation of coatings in a given class (e.g., TiO2--methyl

silicone) must be determined by iterafive steps, since radiation-induced

degradation is strongly dependent upon seemingly m_nor variations in such

parameters as coating thickness, ratio of pigment to binder, and (for samples

with mixed constituents) relative amounts of pigment or binder components.

Wavelength regions in which the largest reflectance changes occur are

substantially different for the three cases of electron, proton, and ultraviolet

radiation. Exposure to 50-keV electrons causes the greatest reflectance

losses in most diffuse coatings to occur in the infrared. Ultraviolet radiation

and proton radiation result in more damage at shorter wavelengths, particu-

larly at any existing ultraviolet absorption edge. Degradation from protons

is more likely to extend as one band to longer wavelengths in a given type

of coating, while separate bands of increased absorptance are more likely

to result from incident ultraviolet radiation.

Reflectance recovery phenomena following electron, proton, and ultraviolet

exposure are likewise diverse. This diversity of both reflectance loss and

reflectance recovery phenomena indicates that more than one damage mecha-

nism may be operating in the types of coatings tested.

The sequencing of combined environment exposures affects significantly the

degradation that results. Except for simulating missions actually encounter-

ing a sequence of ultraviolet and electrons in space, test standardization on

simultaneous exposure to electrons and ultraviolet is essential to prevent

drawing false conclusions about performance of coatings in the existing,

multiconsfituent space environment. Future selection of coatings for space

use should be even more strongly mission-dependent and based upon the
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anticipated relative intensitiesof constituentsin the spaceenvironment.

(18) Theresultsof thesetestson thermalcontrol coatingstie together (a) the

resultsof early in-air testsin which specimensexposedto high fluences

evidenced lasting effects mainly in the visible region, and (b) the more

recent resultsof in situ testing that indicate that contaminatlon-free

exposuresto electronsshowreflectance changesin the infrared region

as well.

RECOMMENDATIONS

Thisprogramhasprovided the basisfor making the following recommendations:

(1) A studyof the dependenceof coating or surface reflectance degradation

uponthe incident energyof protonsand electrons between2 and 80 keV

shouldbeperformedasfollow-on work to this contract.

(2) A studyof rate effects from ultraviolet radiation shouldbe madefrom one

to five or morespaceultraviolet suns,to provide baselinedata of a scope

comparableto electron data available from this program. Thiswill provide

a better basisfor:

(3) A properly-planned (i.e., related to orbital environmentsexpectedto be

encountered)multiple radiation environmenttest program.

(4) A studyof in-vacuum (in sltu) reflectance changeswith time following

exposureof thermal control coatingsto electromagneticand particle radia-

tion shouldbeperformedto providemorebasicdata on possibledamage

mechanisms.

(5) Baseduponevidence of micro-pitting in selected coatingsfollowing

proton exposure,an investigationof light trapping from suchpitting

asa potential mechanismfor increasedabsorptance(reflectance degrada-

tion) shouldbe made.
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